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Fluid mud is a highly concentrated suspension of fine-grained cohesive sediment, 
which often occurs in estuarine turbidity maximum zones (ETMZs) throughout 
the world. As an interface between the sea and inland, the estuarine zone is 
considered to be an ideal location for trade and thus ports are constructed in the 
estuarine zone. The occurrence of fluid mud is problematic as it might restrain 
navigability. Besides, cohesive sediments like mud particles are known to be the 
main carrier of pollutants as they specifically absorb contaminants from the water. 
Thus the management of estuarine and harbour fluid mud is a matter of 
considerable importance in the practice of hydraulic and environmental 
engineering. Current fluid mud models which are being used as a tool for making 
predictions require substantial site-specific validation to observations, and often 
give disappointing results due to an insufficient knowledge of underlying 
biogeochemical and physical mechanisms governing fluid mud dynamics. 
Detailed in situ measurements of fluid mud with high temporal and spatial 
resolution remain lacking due to laborious and costly measuring campaigns.  
In this study fluid mud dynamics in ETMZs were investigated by application of a 
numerical model and based on data of two field measurement campaigns. The 
numerical modelling study had been based on data from an early field survey in 
the Weser estuary. The entrainment of fluid mud deposited in dune troughs was 
studied in a series of scenario simulations and the suitability of entrainment 
formulae implemented in the model has been examined. The numerical model has 
been shown to simulate the entrainment of fluid mud layer from the dune troughs 
at peak tidal currents and reformation at slack waters, which were observed in 
early field surveys. It was concluded that a further development of the numerical 
fluid mud model cannot be independent of field measurements. In order to gain 
more insights into associated processes of fluid mud, two field campaigns have 
been conducted. Based on data of the first measurement campaign which was 
conducted in a stable ETMZ of the German Ems estuary, a new method to rapidly 
examine position, strength and dynamics of the fluid mud lutocline is introduced. 
With high temporal and spatial resolution the intratidal variability of the fluid mud 




demonstrated. The lutocline appeared to undergo a cyclical evolution governed by 
several processes like entrainment, hindered settling and dewatering under the 
tidal forcing.  
In the second campaign which was conducted in an oscillatory ETMZ being 
recovering in the German Ems estuary, quantitative measures of a mobile fluid 
mud layer and its lutocline stability were explored based on observed calibrated 
gradient Richardson numbers. The calibrated gradient Richardson numbers have 
shown a stabilization and formation of the lutocline which is existent for several 
hours over high slack water. A new method to derive backscatter gradient 
Richardson numbers has been introduced, which does not require any calibration 
of backscatter gradients to suspended sediment concentration (SSC) gradients. 
The backscatter gradient Richardson numbers have been found to be also able to 
measure the fluid mud lutocline stability. A snapshot of reformation of fluid mud 
layer was captured in the ETMZ being recovering. These two field campaigns 
have both shown a strong tidal asymmetry with significant flood dominance and 
much longer high slack water than low slack water, which can be considered as a 
major cause of the formation of ETMZ in the Ems estuary. 
The hindered settling which played a crucial role in the increase of strength of 
lutocline as the field measurements revealed, could be implemented in future 
model developments. The dataset collected in the field campaigns would 












Als Flüssigschlick wird die hochkonzentrierte Suspension feinkörniger kohäsiver 
Sedimente bezeichnet, die weltweit häufig in der maximalen Trübungszone 
(MTZ) von Ästuaren auftritt. Aufgrund ihrer Rolle als Übergang zwischen Ozean 
und Festland werden Ästuare als idealer Ausgangspunkt für den Handel gewertet 
und daher Häfen in diesem Bereich angelegt. Das Auftreten von Flüssigschlick ist 
problematisch, da es die Schiffbarkeit beeinträchtigt. Zudem ist bekannt das 
kohäsive Sedimente wie Schlammpartikel die Hauptträger von Verunreinigungen 
sind, da sie die Eigenschaft besitzen verunreinigte Substanzen aus dem Wasser zu 
absorbieren. Aus diesen Gründen ist die Handhabung von Flüssigschlick in 
Ästuaren und Hafengebieten von hoher Bedeutung in der Praxis von Wasserbau 
und Siedlungswasserwirtschaft. Derzeitige Flüssigschlickmodelle, die 
herangezogen werden, um Vorhersagen über das Verhalten zu treffen, bedürfen 
umfänglicher und ortsspezifischer Validierung mit Felddaten; und enttäuschen 
teilweise aufgrund des noch unzulänglichen Verständnisses der zu Grunde 
liegenden biogeochemischen und physikalischen Mechanismen der 
Flüssigschlickdynamik. Weiterhin mangelt es an detaillierten in-situ Messungen 
des Flüssigschlickes mit hoher zeitlicher und räumlicher Auflösung aufgrund des 
erheblichem Aufwands und Kosten verbundenen mit Feldmessungen.  
In der vorliegenden Dissertation wird die Flüssigschlickdynamik in MTZs unter 
Anwendung eines numerischen Modells und der Auswertung von Felddaten aus 
zwei Messkampagnen untersucht. Die numerische Modellierung wurde mit 
besonderem Bezug zu Felddaten einer früheren Messkampagne im Weser Ästuar 
durchgeführt. Mit einer Reihe von simulierten Szenarien wurde die Erosion des in 
Dünentrögen abgelagerten Flüssigschlicks erkundet sowie die Eignung von 
angewendeten mathematischen Formulierungen des Erosionsverhaltens im Modell 
untersucht. Es wurde gezeigt, dass das numerische Model die Erosion der 
Flüssigschlickschicht aus den Dünentrögen unter maximalen Gezeitenströmen 
simuliert sowie die erneute Bildung bei Stauwasser, entsprechend der 
Beobachtungen aus früheren Messkampagnen. Es wurde gefolgert, dass eine 
weiterführende Entwicklung des Flüssigschlickmodells nicht unabhängig von 




Prozesse des Flüssigschlicks zu gewinnen, wurden zwei Feldmesskampagnen 
durchgeführt. Basierend auf den Felddaten der ersten Kampagne, die in einer 
stabilen MTZ des Deutschen Emsästuars stattfand, wurde eine neue Methode 
eingeführt mit welcher die Lage, Stärke und Dynamik der Flüssigschlick-
Lutokline ermittelt werden konnte. Die intertidale Variabilität der Eigenschaften 
der Lutokline und deren Abhängigkeit von der Hydrodynamik wurden mit hoher 
zeitlicher und räumlicher Auflösung aufgezeigt. Die Lutokline schien einem 
zyklischen Entwicklungsgang ausgesetzt zu sein, der von verschiedenen 
Prozessen beeinflusst wurde, wie zum Bespiel der Erosion, dem behindertem 
Absetzen und Entwässerung unter Gezeiteneinfluss. 
In einer zweiten Messkampagne, die in einer oszillierenden, sich wieder 
aufbauenden MTZ des Deutschen Emsästuars stattfand, wurden quantitative 
Informationen über die mobile Flüssigschlickschicht und die Stabilität derer 
Lutokline mit Hilfe von gemessenen, kalibrierten Gradient-Richardson-Zahlen 
untersucht. Die kalibrierten Gradient-Richardson-Zahlen zeigten die Bildung und 
Stabilisierung einer Lutokline, welche für mehrere Stunden über Flutstauwasser 
hinaus existierte. Eine neue Methode wurde eingeführt bei der sogenannte 
Rückstreuung-Gradient-Richardson-Zahlen abgeleitet wurden, die keine 
vorhergehende Kalibrierung des Rückstreuungsgradienten mit der Konzentration 
suspendierten Sedimentes benötigen. Die Rückstreuung-Gradient-Richardson-
Zahlen bewiesen ebenso ihre Fähigkeit die Stabilität der Flüssigschlick-Lutokline 
zu beschreiben. Eine Momentaufnahme der erneuten Bildung der 
Flüssigschlickschicht wurde in der MTZ unter wieder aufbauenden Bedingungen 
festgehalten. Beiden Feldkampagnen zeigten eine starke gezeitenbedingte 
Asymmetrie mit deutlicher Flutdominanz und erheblich längerem Flutstauwasser 
als Ebbstauwasser, welche als Hauptfaktor zur Bildung der MTZ des Emsästuars 
angesehen wird.  
Zukünftig könnte das behinderte Absetzten, welches wie die Felddaten zeigten 
eine bedeutende Rolle bei einer Zunahme der Stärke der Lutokline spielte, in 
Modellen berücksichtigt werden. Die Felddaten  der Messkampagnen würde mit 
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Chapter 1 General Introduction 
1.1 Problem statement and motivation 
Mud is defined as a mixture of clay ( 2 μm), silt (2 μm to 63 μm), fine sand (63 
μm to 200 μm), organic material, and water. Due to a high content of clay mud 
exhibits a sticky behaviour and therefore it is scientifically termed as cohesive 
sediment. The lithic components of mud originate mainly from weathering and 
continuous degradation of rocks in the terrestrial environment. Wind, water, and 
temperature changes are the major forces stimulating erosion of rocks, and 
especially wind and water are the main forces controlling transport, sedimentation 
and reworking of the eroded material on its most common transport route from its 
origin through a catchment to coastal areas and finally into the sea. During 
transport, eroded material is continuously reshaped and degraded, resulting in a 
continuous decrease of the grain size. The non-cohesive fraction of the eroded 
material tends to settle in the upstream reaches of estuaries. In contrast, the fine 
cohesive sediment fraction is transported further down-estuary, and conditionally 
accumulates in sheltered areas under locally confined quiescent conditions. 
In estuaries mud often occurs in a state which is internationally called fluid mud. 
The term “fluid mud” was first used by Inglis and Allen (1957) who conducted 
research in the Thames estuary. Fluid mud can be described as a highly 
concentrated aqueous suspension of fine-grained sediment, in which settling is 
substantially hindered by the high proximity of sediment grains and flocs, but 
which has not yet formed an interconnected matrix of bonds strong enough to 
eliminate the potential for mobility (McAnally et al., 2007a). Fluid mud is often 
associated with a lutocline (a step structure in the vertical profile of fine-grained 
suspended sediment concentration, Fig. 1.1) and typically forms in near-bottom 
layers of estuaries and lakes (Bachmann et al., 2000; Cauwet and Mackenzie, 
1993; Havens et al., 2003; Jiang and Wolanski, 1998; Kirby, 1986). However, 
fluid mud can occur in any water body with sufficient supply of fine-grained 
sediment and periods of low intensity flow, as for example in estuarine turbidity 
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maxima (ETM) and deepened harbour channels (Abril et al., 2000; Grabemann et 
al., 1997; Li and Zhang, 1998; Mitchell et al., 1998; Parker and Kirby, 1982; 
Pieters et al., 2002; Teeter et al., 2003; Uncles and Stephens, 1993; Wolanski et 
al., 1995). 
 
Figure 1.1  Vertical profile of suspended sediment concentrations (solid line) and 
sediment classification. In addition, a vertical flow velocity profile 
(dashed line) and processes governing the concentration profile are 
given (according to Jiang, 1999). 
From the occurrence of fluid mud many problems can arise. Due to strong 
cohesive forces in fluid mud, organic and inorganic contaminants easily adhere to 
the mud particles, which may eventually lead to severe water quality degradation 
(Abril et al., 2004; Abril et al., 1999; Crump et al., 1998; Parker et al., 1994; 
Paucot and Wollast, 1997; Sylvester and Ware, 1976; Uncles and Stephens, 1998). 
The turbidity levels in the water column also determine the amount of light 
passing through the water column. Thus, benthic communities, especially light 
dependent phytobenthic organisms may be strongly degraded where fluid mud 
occurs (Cole et al., 1992; Fishez et al., 1992; Goosen et al., 1999; Irigoien and 
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Castel, 1997). Dynamic fluid mud layers, up to several meters deep, can even bury 
benthic biota.  
From a navigational point of view, fluid mud is also problematic, as it is almost 
non-detectable by using standard echosounders (Schrottke et al., 2006; Teeter, 
1994; Teeter et al., 1992) and as it has the capacity to significantly affect the 
manoeuvrability of vessels (McAnally et al., 2007b). Especially its mobile 
behaviour complicates any substantial prognosis where it will occur. The weak 
strength of the fluid mud (Kineke et al., 1996; Mehta, 1991) also makes it hard to 
dredge. And if successfully dredged, the dredged material is either disposed in the 
open sea, or stored on land if pollutant contamination reaches certain standards 
(IMO, 1998; Leotsinidis and Sazakli, 2008; MacKnight, 1982; Messieh et al., 
1991; OSPAR, 1998). Additionally, maintenance dredging may be necessary to 
increase water and bed quality (Bray et al., 1996; Carpentier et al., 2002; de la 
Lanza Espino et al., 2010; Environment Australia, 2002; Lee et al., 2010), even if 
siltation does not hinder navigation. The dredging and construction of hydraulic 
structures such as dams, sluices, and land extensions affects both water movement 
and the distribution of fluid mud. 
The management of fluid mud is a matter of considerable importance in the 
practice of hydraulic and environmental engineering. To solve the 
abovementioned managerial problems, detailed information with regard to 
sediment transport processes, turbidity levels and siltation rates is required. Such 
knowledge will provide insights into the dynamics of fluid mud (Kineke et al., 
1996; Mehta, 1989; Schettini et al., 2009; Schrottke et al., 2006; Trowbridge and 
Kineke, 1994; Wright et al., 2001) and the anthropogenic influence on fluid mud 
pattern can be more reliably assessed to support decision processes. 
In recent decades, substantial efforts including laboratory experiments, in situ 
observations, and numerical modelling have been devoted to the study of fluid 
mud. The lutocline, as a characteristic trait of fluid mud and an important sign to 
determine the stability of fluid mud, was given high attention. The lutocline’s 
significance in governing the vertical mixing of suspended sediment and 
sedimentation patterns has been investigated by many authors (Jiang and Mehta, 
2000; Jiang and Mehta, 2002; Kirby, 1986; Mehta and Srinivas, 1993; Winterwerp 
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and Kranenburg, 1997; Wolanski et al., 1989). At present, it is recognised that the 
formation and dynamics of the lutocline are influenced by numerous factors, such 
as sheared tidal flow, floc settling, buoyancy-induced turbulence damping, wave-
induced liquefaction and interfacial waves at the lutocline. Numerical modelling 
of fluid mud requires solving the governing equations for flow velocity, density, 
pressure, salinity, water surface, and sediment transport sub-models. Numerous 
models exist in one-, two- and three-dimensional forms, and rely on empirical 
relationships that require substantial site-specific validation to observations (Guan 
et al., 2005; Hsu et al., 2009; Le Hir et al., 2001; Odd and Cooper, 1989; Ross and 
Mehta, 1989; Yan, 1995). To validate a process-based formulation in a numerical 
model against existing site-specific fluid mud observations was one of main 
motivations of the present study.  
In turn, due to its unique and complicated properties, fluid mud is difficult to 
detect, measure, or sample. New instruments and new ways of using existing 
instruments to measure fluid mud have been developed but their operation is quite 
costly and laborious. Thus detailed measurements of the fluid mud lutocline with 
high temporal and spatial resolution both in field and laboratory remain lacking. 
Previous studies have been conducted to understand lutocline response to tidal 
forcing (Costa and Mehta, 1990; Dong et al., 1997; Smith and Kirby, 1989; 
Wolanski et al., 1988). It has been found that the position and strength (steepness 
of the SSC step structure) of the lutocline vary during the tidal cycle, influenced 
by the combined effects of the strongly current-dependent vertical and horizontal 
sediment transport processes. However, a comprehensive quantification of fluid 
mud lutocline response to tide is still difficult because of lack of field data as 
noted above. Due to this difficulty in quantification, quick and accurate 
measurements of the fluid mud lutocline were another motivation in the present 
study. 
1.2 Characteristics of fluid mud and lutocline 
Fluid mud is in a transitional state subjected to consolidation as no mechanism 
exists to continually keep the sediment particles and flocs in suspension 
(Winterwerp and van Kesteren, 2004). The clue to the existene of the fluid mud is 
Chapter 1  General Introduction  
5 
its low permeability which keeps the particles and flocs in suspension for a long 
time under the support of the pore water (van Kessel, 1997). Nevertheless, fluid 
mud is able to slowly consolidate and finally become a solid consolidated bed, 
when it is kept under quiescent conditions for sufficient time (Merckelbach, 2000; 
Rodriguez and Mehta, 1998). However, consolidation slows down, if fluid mud is 
affected by a gentle disturbance induced by waves or tides (Wolanski et al., 1988). 
Fluid mud has also been reported to persist for several years, such as that found in 
Emden harbour (Wurpts and Torn, 2005). In conclusion, fluid mud disappears 
either if it is left at rest without any disturbance for a time long enough for it to 
consolidate, or under agitation fierce enough to disturb the fluid mud structure. 
Under settling conditions, the suspended sediment concentration (SSC) at the 
upper boundary of the fluid mud layer is defined as a hindered concentration by 
Ross (1988), where the largest net sediment downward settling flux takes places. 
At rest or mild shear, the interface between the upper water column and the fluid 
mud layer is stable due to a strong local density gradient. Under external 
disturbance, the interface becomes unstable and subsequently mixing occurs at the 
interface. The stability of the interface can be measured by the gradient 
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 is the velocity gradient. For Ri > 
about 0.2, turbulence is strongly damped and the stratification is stable (Fernando, 
1991). In such a stratified flow, despite small near-bottom flow velocity, the 
turbidity underflow in the mobile fluid mud layer (Fig. 1.1) may lead to extremely 
large sediment transport as the near-bottom sediment concentration is often much 
higher than in the upper part of the water column (Traykovski et al., 2000). 
Because of the stratification effect, the lutocline is characterised by a sharp SSC 
gradient and appears as a transitional zone between the upper dilute suspension 
layer and the lower dense fluid mud layer (Ross, 1988). Hence the lutocline 
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always occurs concurrently with the fluid mud layer. Solely based on the concept 
of stratification, the lutocline behaves generally the same way as other 
pycnoclines, thus, marked by vertical maximum density gradient and minimum 
mixing rate (Ross and Mehta, 1989). Even though the local minimum mixing 
induced by buoyancy effect, a term widely used in the literature to express 
stratification effect (Falchetti et al., 2010; Guan et al., 1998; Jiang and Wolanski, 
1998; Winterwerp, 2001, 2009; Wolanski et al., 1989), is associated with the 
density gradient, the lutocline is still significantly different from other pycnoclines 
in terms of the following two perspectives (Jiang, 1999): 
(1) Compared to halocline and thermocline, the lutocline is induced by 
sediment. Sediment particles have their own settling velocities relative to the 
neighbouring water mass, which further enhances the stability of the 
lutocline for a given flow condition. 
(2) A high degree of turbulence damping measured by Ri occurs in the fluid 
mud layer due to the settling flux, cohesion and interaction between flocs 
and the sediment-induced buoyancy effect. The turbulence damping reduces 
the vertical mixing and enhances the lutocline. 
The fluid mud layer and lutocline are dynamic structures of mud in the vertical 
dimension. Their formation depends on the flow conditions, the settling 
properties, and the particle characteristics. As Ross (1988) pointed out, there is no 
quantitative definition which can be applicable for fluid mud in all cases. Based 
on previous field observations and laboratory tests, Ross (1988) proposed that the 
fluid mud is characterised by density range from 1.03 to 1.2 kg/m3, by sediment 
concentrations between 10 and 320 g/l. 
1.3 Dynamics of estuarine turbidity maxima 
Estuarine turbidity maxima (ETM) exist at those locations in tidal estuaries, where 
a large amount of suspended particulate matter is trapped. In these zones, 
remarkably elevated SSC is found near the landward limit of salt water intrusions 
(Glangeaud, 1938; Postman and Kalle, 1955; Schubel, 1968). In the ETM, SSCs 
Chapter 1  General Introduction  
7 
often exceed almost 10- fold those in the upstream and downstream adjacent 
zones (Li and Zhang, 1998).  
Strong correlations between the locations of ETM and high loads of fluid mud 
close to the bottom of estuary have been observed (Dammschneider, 1992). By 
means of a numerical model, Burchard and Baumert (1998) studied the 
hydrodynamic control of the estuarine turbidity maximum zone (ETMZ) by the 
combined effect of the salt wedge and tidal movements and showed that ETMZ is 
generated completely independent from near-bottom deposits of SPM or fluid 
mud, and solely depends on hydrodynamic effects. The necessity to account for 
residual gravitational circulation and tidal velocity asymmetry for the formation of 
an ETMZ was particularly addressed in their study. Flocculation of suspended 
sediment particles is also extrememely important to ETM formation because it 
ensures a rapid settling (during slack water periods) and retention of fine sediment 
particles that constitute the much larger and fragile flocs (Geyer et al., 2004; 
Uncles et al., 2010; Uncles et al., 2006a; Xu et al., 2010). The formation of ETMZ 
leads to the creation of a tidal sediment trap. With sufficient supply of sediments, 
a dense fluid mud layer is formed if the sediment deposition flux exceeds the rate 
of upward transport of the pore fluid (i.e. the dewatering rate of the suspension). 
The entrainment of fluid mud into the water column is quite different from the 
erosion of sandy sediments (Winterwerp, 2002). Sand is eroded above a critical 
stress and tends to form ripples and dunes along the bed which increase roughness 
(Habermann, 2003). Fluid mud is entrained by shear instabilities between fluid 
mud and water, both of which may be moving (Mehta and Maa, 1986). In contrast 
to a rigid sandy bed, sediments in a fluffy fluid mud layer are more easily 
erodible. The fluid mud layer acts as a mobile pool of sediment on the seabed and 
therefore was designated “mud reach” by Wellershaus (1981). This author further 
pointed out that in most estuaries ETM occur in conjunction with mud reaches.  
Many estuaries (e.g., the Ems, Gironde, Humber) have extremely high sediment 
concentrations in their ETM. Fluid mud layers with SSC greater than 10 kg/m3 
have been reported for the Gironde and Humber estuaries (Abril et al., 1999; 
Uncles et al., 2006b). At such high concentrations, sediments significantly affect 
the vertical density structure, causing stratification and a reduction of mixing 
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(Kineke et al., 1996; Munk and Anderson, 1948; van der Ham and Winterwerp, 
2001). In highly turbid systems, reduction of mixing is induced by suppression of 
turbulence by stratification, which again leads to further rapid accumulation of 
sediments in fluid mud layers (Allen et al., 1980). The importance of suppression 
of turbulence by stratification for the entrapment of sediment in ETM has been 
demonstrated by Geyer (1993). Moreover in highly turbid estuaries, high sediment 
concentrations can also significantly alter the longitudinal density structure along 
the estuary. In turn, the resulting gradients of sediment concentrations induce 
turbidity-driven flows and enhance tidally averaged circulation upstream of the 
ETM (Talke et al., 2009). 
 
Figure 1.2  Schematic representation of ETM processes. 
The formation and variation of the ETM are influenced by a multitude of 
processes as mentioned above (Fig. 1.2). These controlling processes are known to 
vary temporally and between estuaries. A combination of several processes may 
affect the ETM with their relative contributions varying with the forcing functions 
such as freshwater discharge and tidal currents. The extent and position of the 
ETMZ vary according to different time-scales associated with semidiurnal and 
neap-spring tidal cycles, and seasonal variations in river inflow. During periods of 
low river discharge, the ETMZ is maintained within the estuaries, and the amount 
of suspended material is at a maximum. During river floods, the ETMZ is flushed 
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from its normal region of occurrence towards the outer estuary (Grabemann and 
Krause, 2001). In case of sufficiently large down-estuary migration of the ETMZ, 
its lower limit may be situated within the estuary’s mouth at low water. Under 
such conditions, suspended sediment can escape from the estuaries onto the 
adjacent shelf. 
1.4 Study areas 
In order to better understand tidal driven fluid mud dynamics in ETM, 
Investigations were conducted with reference to existing data collected in the 
Weser estuary and two measurement campaigns undertaken in the Ems estuary 
(Fig. 1.3). 
 
Figure 1.3  Location map of the Ems and Weser estuaries. 
1.4.1 Weser estuary 
The 452-km-long river Weser originates from the confluence of the rivers Fulda 
and Werra at Hannoversch Münden in the state of Lower Saxony, Germany and 
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drains into the North Sea in the southernmost part of the German Bight. 
According to a dataset covering the period 1941-2003, the long-term mean 
freshwater runoff at Inschede (most downstream non-tidal gauge, about 30 km 
upstream of Bremen) amounts to 327 m3/s with low mean runoff of 124 m3/s and 
high mean runoff of 1280 m3/s (Deutsches Gewässerkundliches Jahrbuch, 2006). 
The tidally influenced river reach is 120 km long, extending from a weir in the 
south of Bremen to the open North Sea (Fig. 1.4). The seaward limit has been 
defined as the location where salinity shows only small intratidal and interannual 
differences, irrespective of seasonal fluctuations. In the Weser estuary, tides are 
semidiurnal; the tidal range is about 4 m at Bremen and 3.6 m at Bremerhaven 
(Grabemann and Krause, 2001). The tidal current is ebb-dominated with mean 
values of about 1-1.3 m/s and a maximum value of 2.6 m/s. On average, the flood 
current is only slightly lower on average, but generally does not exceed 2.0 m/s 
(Bundesanstalt für Gewässerkunde, 1992). The estuary can be subdivided into an 
upper, channel-like section between Bremen and Bremerhaven, with a sustained 
navigation depth of 9 m at low-water springs, and a lower, funnel-shaped section 
between Bremerhaven and the open North Sea, bounded by tidal flats and with a 
navigation depth of 14 m (Schrottke et al., 2006). The bottom sediment consists of 
fine and medium sand characterised by a silt and clay contents of <1% and an 
organic matter contents of <0.1% except for the ETMZ where muddy sediments 
dominate containing up to 25% silt and clay and 5% organic matter (Grabemann 
and Krause, 2001). 
The Weser estuary is partially mixed. A well-developed ETMZ defined by a near-
bottom SSC exceeding 0.25 g/l is formed that extends over 15-20 km along the 
low-salinity reach (Fanger et al., 1985; Grabemann and Krause, 1989; Grabemann 
and Krause, 2001; Riethmüller et al., 1988). The formation of the ETMZ was 
found to be associated with tidal asymmetry effects (Grabemann et al., 1997; 
Lang, 1990) and with the non-tidal estuarine gravitational circulation (Riethmüller 
et al., 1988). This zone is located roughly between Brake and Bremerhaven (Fig. 
1.4) and migrates under different runoff intensities. In the ETMZ, an abrupt 
increase of SSC forms a lutocline below which the SSC reaches maximum values 
above 100 g/l near the bed (Schrottke et al., 2005). Upstream and downstream of 
the ETMZ, suspended sediment concentrations (SSCs) were observed to be 
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generally less than 0.05 g/l (Grabemann and Krause, 2001). Based on a dataset 
covering the period 1970-2003 collected at Intschede, the long-term mean SSC 
input from the river water amounts to about 0.040 g/l (Deutsches 
Gewässerkundliches Jahrbuch, 2006). In the estuarine zone, daily-averaged SSCs 
collected at Blexen during spring tides can be up to a factor of two higher (around 
0.25 g/l) than those in neap tides (Grabemann et al., 1997). 
 
Figure 1.4 Satellite image of the Weser estuary. 
The Weser estuary is a heavily engineered estuary, having been repeatedly 
deepened and strarightened for use as a major navigational channel for the 
harbours Bremen and Bremerhaven (Wienberg, 2003). The bed morphology in the 
ETMZ was observed to comprise stretches of smooth bed, dredged area riddled 
with large dredge scours and extensive subaqueous dune fields of varying size and 
shape (Schrottke et al., 2006). The dunes were found mainly along the western 
channel margin and along the channel section near Nordenham (Fig. 1.4). 
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Schrottke et al. (2006) have also observed fluid mud layers of thickness ranging 
from centimetres to metres have been observed in the navigational channel of the 
ETMZ during slack waters. They are patchy and highly variable, both on temporal 
and spatial scales spanning single tidal cycles and several 10 s of metres. At some 
locations, consolidation of the fluid mud layers can cause continuing bed 
accretion, thus regular dredging of those navigational channels is required. 
1.4.2 Ems estuary 
The 371-km-long river Ems rises in the southern Teutoburg Forest in the state of 
North Rhine-Westphalia State of Germany, then flows northwards, forming the 
border between the Netherlands and Germany and finally discharges into the 
southern North Sea. A dataset covering the period 1941-2003 collected at Versen 
shows the long-term mean freshwater runoff is 80.6 m3/s with low meanvalue of 
15.9 m3/s and high meanvlaue of 379 m3/s (Deutsches Gewässerkundliches 
Jahrbuch, 2006). The Ems estuary is a partially mixed, mesotidal estuary. Near 
Herbrum approximately 100 km distant from the barrier island Borkum which is 
the seaward border of the estuary, a weir (Fig. 1.5) seperates the river from marine 
influences and can be regarded as the head of the estuary (de Jonge, 2000). The 
mean tidal range varies over years (de Jonge, 1992), and is approximately 2.4 m at 
the island Borkum, increases to its maximum of 3.5 m at Papenburg and decreases 
upstream to 2.7 m at the tidal border at Herbrum (Herrling and Niemeyer, 2008). 
In the estuary, current velocities are quite location dependent but mean velocities 
do not exceed 1 m/s (Spingat, 1997). The bed sediment composition varies 
between very high mud contents (> 75%) on the intertidal flats and the margins of 
the Dollard bay to very low cohesive sediment contents (< 2%) in the estuarine 
inlet and the offshore areas (Herrling and Niemeyer, 2008). In the ETMZ the grain 
size distribution reveals about 50% clay, 20% sand, 10% sand/clay mixtures, and 
another 20% organic material or silt. This distribution is reported to be 
representative for the reach from Emden to Leerort, whereas between Leerort and 
Pappenburg, 70-80% of sediment is mostly fine- to medium-grained sands (Dette 
et al., 1994).  
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Figure 1.5  Satellite image of the Ems estuary. 
Today, the Ems estuary is much more turbid now than in the past. SSCs in the 
ETMZ were shown to change from about 0.1 g/l in 1954 to about 0.3-0.4 g/l in the 
1970’s and 1980’s (de Jonge, 1983). Moreover in the same period, the ETMZ has 
moved upstream and nowadays extends upstream into the freshwater zone at 
Pappenburg and even Herbrum (Habermann, 2003; Wurpts, 2005). Spingat and 
Oumeraci (2000) and Habermann (2003) suggest that this migration is due to an 
asymmetry between flood and ebb tidal motions. Talke et al. (2005) suggest that 
turbidity currents caused by high SSCs may also contribute to sediment flux into 
the freshwater zone. The ETMZ is asymmetrical. On the seaward side of the 
ETMZ over a distance of 5-10 km, SSCs sharply increase from background 
concentrations to a maximum value, while on the upstream side of the ETMZ over 
a distance of 10-20 km, SSCs gradually decrease to background levels (Talke et 
al., 2005). Depending on freshwater flow conditions, the ETMZ changes its 
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location (Dette et al., 1994; Habermann, 2003). Currently, the ETMZ may occur 
around Pogum during large river runoff events in the winter and is typically found 
near Leerort in the summer. Surface water concentrations of nearly 5 g/L have 
been measured during the summer months (Talke and de Swart, 2006) compared 
to a maximum of approximately 0.3-0.4 g/l in the early 1980’s (de Jonge, 1983). 
Data from fixed measurements located between 1-2 m above the bed or floating 
about 1 m beneath the surface indicates that concentrations sometimes exceed 25 
g/l during the late summer (Talke and de Swart, 2006). Based on a dataset 
covering the period 1965-2003 collected at Lathen, the long-term mean SSC input 
from the river water amounts to about 0.021 g/l (Deutsches Gewässerkundliches 
Jahrbuch, 2006). 
The Ems estuary is also a heavily engineered estuary (de Jonge, 1988). Over the 
past 20 years, the river reach between Emden and Papenburg has been deepened 
several times, to 5.7 m in 1985/1986, to 6.8 m in 1991/1992, and further to 7.4 m 
in 1994 (Jensen et al., 2003). In addition, a bend in the river was streamlined in 
1984/1985, reducing the river length by nearly one kilometre. Such anthropogenic 
changes decreased the hydraulic roughness and increased the tidal range by as 
much as 1.5 m in the river reach upstream from Emden (Talke and de Swart, 
2006). In the ETMZ, concentrations of sediment are currently between 1-2 orders 
of magnitude larger than in the 1950’s (about 0.1 g/l), and a contiguous zone of 
high bottom sediment concentrations with pools of fluid mud 1-2 m thick covering 
the bed was found in the 36-km-long river reach lower to the weir at Herbrum 
(Talke et al., 2009).  
1.5 Objectives 
At present, there is inadequate understanding of the behaviour of fluid mud, 
lutocline and ETMZ. Prediction of their dynamics is inhibited by a lack of in situ 
observations with high spatial and temporal resolution, which can be used for 
modelling validation. In this study, numerical modelling and in situ observations 
are adopted to gain more insights into their associated processes. The objectives of 
this study are set as follows: 
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(1) To investigate the fluid mud dynamics with numerical modelling with 
reference to existing field measurements. 
(2) To formulate recommendations for future measurement and improvement 
of numerical modelling. 
(3) To introduce a method of using Acoustic Doppler Current Profiler (ADCP) 
backscatter gradients to study fluid mud lutocline dynamics. 
(4) To enhance the understanding of underlying mechanisms governing 
lutocline dynamics under the tidal forcing. 
(5) To investigate the recovery of an ETMZ accompanied by reformation of a 
fluid mud layer after an intensive engineering discharge. 
(6) To explore the applicability of Acoustic Doppler Current profilers 
(ADCPs) to derive quantitative measures of the fluid mud lutocline 
stability. 
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Chapter 2 Materials and Methods 
2.1 Numerical modelling package 
A processed-based numerical model was set up with the modelling system 
Delft3D (Deltares, formerly WL | Delft Hydraulics). The applied hydrodynamic 
module Delft3D-FLOW is able to simulate two- or three-dimensional unsteady 
flow and transport phenomena resulting from tidal or meteorological forcing, 
including the effect of density differences due to a non-uniform temperature and 
salinity distribution. The program is based on three dimensional shallow water 
equations, the continuity equations and the transport equations for conservative 
constituents. The set of partial differential equations in combination with 
appropriate initial and boundary conditions are solved with a finite difference 
scheme on an orthogonal curvilinear grid in the horizontal and terrain-following 
grid in the vertical (WL | Delft Hydraulics, 2007). 
In this study, with special reference to site observations conducted in the Weser 
estuary on the 6th July 2005 (Schrottke et al., 2006), the model was applied in a 
two-dimensional vertical (2DV) mode. To simulate estuarine fluid mud evolution 
in troughs of large subaqueous dunes an add-on system module Delft3D-
FLUMUD (Winterwerp et al., 2002) was applied, which was coupled with the 
hydrodynamic module Delft3D-FLOW (WL | Delft Hydraulics, 2007). 
2.2 Field measurement campaign 
In situ data on local hydro- and sediment dynamics were measured from a moored 
ship fixed between two piles at the western bank of the Ems estuary 
(53°14’11.51”N, 7°23’48.63”E, approximately 22 km upstream of Emden, see 
Figure 2.1). Two campaigns were conducted: 1) during a period of more than 26 
hours from 15:33 on the 9th to 17:51 on the 10th September 2008; 2) during a 
period of nearly 55 hours from 18:48 on the 24th to 05:32 on the 27th February 
2009.  
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Figure 2.1  Location map of the measurement point in the Ems estuary. 
2.2.1 Hydrodynamics
Water level data were extracted from the recording tide gauges at Leeort and 
Pogum, which were operated by Wasser- und Schifffahrtsverwaltung des Bundes 
(Federal Water and Shipping Administration).  
Current velocity data were collected using a RD instruments Rio Grande acoustic 
Doppler current profiler (ADCP) as well as two HS Engineers Series 2001 
electromagnetic current metres (ECMs). The ADCP operates at 1200 kHz and was 
deployed in a rigid frame attached to the starboard side of the vessel at a depth of 
1.35 m below the water surface. For the first measurement campaign carried out in 
September 2008, its vertical resolution (bin size) was set to 20 cm and for the 
second measurement campaign carried out in February 2009, the vertical 
resolution was set to 25 cm. The statistical uncertainty of horizontal single-ping 
velocity is 10 cm/s. However, it decreases proportionally with the square root of 
the number of averaged pings. The long-term accuracy thus amounts to 0.2% of 
the measured velocity ±0.2 cm/s.  
The ECMs were mounted on an instrument carrier to measure current velocity in a 
profiling mode. Their measuring accuracy amounts to ±0.5% of the measured 
value. A piezo-resistive pressure sensor (KELLER AG, Switzerland) attached to 
the electromagnetic current metre (ECM) was used to record the instantaneous 
depth with standard accuracies of ±0.5% and optional ±0.1%. 
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The major advantage of an ADCP is its capability of non-intrusive measurement. 
However, in highly turbid water, the measurement of ADCP is largely constrained 
by the rapid dissipation of acoustic energy. The advantage of ECM is its 
suitability for the measurement in the highly turbid water. 
2.2.2 Sediment concentration and lutocline 
An optical backscatter sensor (OBS) ViSolid® 700 IQ (Wissenschaftlich-
Technische Werkstätten GmbH) was mounted on the same instrument carrier. The 
OBS was used to estimate SSC in the water column by the light scattered and 
reflected by the total suspended particulate matter. SSC was quantified by a 
calibration of the OBS data to filtered and weighted suspended sediment samples.  
In the same rigid frame attached to the starboard side of the vessel, apart from the 
1200 kHz ADCP there were two other instruments Rio Grande acoustic Doppler 
current profilers (ADCPs) which operate at 300 and 600 kHz respectively. Their 
vertical resolution was selected as the same as the 1200 kHz ADCP, 20 cm for the 
first measurement campaign carried out in September 2008 and at 25 cm for the 
second measurement campaign carried out in February 2009. The three ADCPs 
uncalibrated backscatter intensities were simultaneously used with a precision of 
±1.5dB to detect the fluid mud lutocline. 
2.3 Data processing 
The processing of the in situ data as well as modelled results relied on the 
programming language Matlab (The MathWorks Inc., Natick, MA, USA). 
Visualization of the relevant processed data was also implemented in Matlab. 
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Chapter 3 Results and Discussion 
The main part of this thesis is structured in three manuscripts (Paper 1-3), of 
which one is already published and two are submitted. The three manuscripts are 
summarised as below and sequentially presented in sections 3.2, 3.3, 3.4. 
3.1 Outline
3.1.1 Paper 1 
Modelling of estuarine fluid mud evolution in troughs of large subaqueous dunes 
Li Wang, Christian Winter, Kerstin Schrottke, Dierk Hebbeln, Alexander 
Bartholomä 
Published in Proceedings of the Chinese-German Joint Symposium on Hydraulic 
and Ocean Engineering, 2008, 369-376, ISBN 3-936146-23-3 
A highly resolved 2DV numerical model based on Delft3D is presented. The 
hydrodynamics and fluid mud dynamics for a schematised river stretch with a bed 
topography characterised by subaqueous dunes in the Weser estuary are 
simulated. A model sensitivity analysis was carried out to show the entrainment of 
fluid mud deposited in dune troughs in different scenarios and to examine the 
suitability of entrainment formula implemented in the model. 
3.1.2 Paper 2 
Tide driven dynamics of a fluid mud lutocline 
Li Wang, Marius Becker, Dierk Hebbeln, Christian Winter 
Continental Shelf Research (Submitted) 
Chapter 3 Results and Discussion  
   
27 
A method to examine position, strength and dynamics of the lutocline based on 
acoustic backscatter measurements by three standard Acoustic Doppler Current 
Profilers (ADCPs) is introduced. The intratidal variability of lutocline 
characteristics and its dependency on forcing hydrodynamics are demonstrated. 
3.1.3 Paper 3 
The stability of a mobile fluid mud lutocline described by standard ADCP 
Li Wang, Marius Becker, Christian Winter 
Journal of Geophysical Research (Submitted) 
The applicability of standard commercial ADCPs to derive quantitative measures 
of the fluid mud lutocline stability is explored. The gradient Richardson number 
for the description of lutocline is calculated based on acoustic backscatter and 
velocity gradients measured simultaneously by ADCPs. Backscatter gradients can 
even be directly applied without a significant loss in accuracy of the derived 
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3.2 Paper 1 
Modelling of Estuarine Fluid Mud Evolution in Troughs of Large 
Subaqueous Dunes 
Li Wang*, Christian Winter*, Kerstin Schrottke**, Dierk Hebbeln* and 
Alexander Bartholomä*** 
* University of Bremen/MARUM - Center for Marine Environmental Sciences, 
Bremen, Germany 
** University of Kiel, Kiel, Germany 
*** Senckenberg Institute, Wilhelmshaven, Germany 
Published in Proceedings of the Chinese-German Joint Symposium on Hydraulic 
and Ocean Engineering, 2008, 369-376, ISBN 3-936146-23-3 
3.2.1 Abstract
This paper presents a highly resolved 2DV numerical model, based on Delft3D 
(Deltares, The Netherlands). The hydrodynamics and fluid mud dynamics are 
simulated for a schematised river stretch with a bed topography characterised by 
subaqueous dunes, as found in the Weser estuary (German North Sea Coast). A 
model sensitivity analysis shows the entrainment of fluid mud deposited in dune 
troughs, which proposes that the suitability of entrainment formula implemented 
in the model is required to be further investigated and compared to the processes 
observed by the field measurements. These results indicate the relative importance 
of vertical process and ebb-dominated geometry of dunes respectively for the 
simulation of suspended particulate matter (SPM) concentration and thickness of 
fluid mud layer. In order to better understand the underlying mechanism 
governing the fluid mud dynamics, it is proposed to include more relevant 
processes as sediment erosion from the solid bed, dewatering of fluid mud layer, 
and the interaction between sediment and hydrodynamics. 
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3.2.2 Introduction
Fluid mud is a highly concentrated suspension of fine grained sediment, in which 
settling is substantially hindered by the proximity of particles and flocs, but which 
has not formed an inter-connected matrix of bonds, strong enough to eliminate the 
potential for mobility [1]. In tidal estuaries and at harbours, fluid mud often occurs 
in the so called turbidity maximum zone (TMZ), and area where sediment loaded 
saltwater and freshwater interact. When high amounts of suspended particulate 
matter (SPM) settled down from the water column, fluid mud starts to be 
generated. Fluid mud can constitute problems by impeding navigation, reducing 
water quality or even by damaging equipment e.g. by clogging the cooling 
systems of ship engines. This forces calls for a better understanding of fluid mud 
dynamics in tidal estuaries.  
Tidal estuaries are highly dynamic coastal systems owning to the complex 
interaction among tide-, wind- and density-induced currents. A variety of 
methodologies dedicated to explore fluid mud characteristics and behaviour have 
been carried out. With the development of advanced measuring techniques such as 
optical backscatter sensors and acoustic instruments used to measure suspended 
sediment concentration (SSC) within fluid mud [2, 3], nuclear transmission probes 
to measure density [4], LISST-ST system to measure settling velocity of mud 
flocs [5, 6] and a recently developed towed European device Nautisonde to 
estimate rigidity modulus of fluid mud [7], researchers are able to obtain more 
reliable in-situ data. Experiments in the laboratory are still indispensable in some 
conditions to determine more accurate parameters concerning fluid mud 
properties, for instance rheometries used to measure rheological parameters [8], a 
laser-diffraction technique to measure particle size distributions [9, 10] and 
annular rotating flumes to determine erosion rates [11]. 
Most recently, new perspectives on fluid mud at various temporal and spatial 
scales is presented in a work of [12] by simultaneous deployment of an Acoustic 
Doppler Current Profiler (ADCP), side-scan sonar and parametric sediment echo-
sounder in the Weser estuary (German North Sea Coast). There, the spatial 
distribution of fluid mud is often patchy. Layer thicknesses vary from centimetres 
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to meters, also dependent on the amount of SPM, which settles down during slack 
water. Often, morphological features such as troughs of subaqueous dunes or 
riverbed depressions are levelled temporarily by the fluid mud infilling.  
Recently, extensive field data has laid a solid foundation for the development of 
numerical modelling systems for the simulation of fluid mud dynamics [13]. Here, 
a model application, which focuses on the fluid mud dynamics of a schematised 
river stretch, is presented in this paper. In a first step, a reference case on the fluid 
dynamics in dune troughs was created, based on the 2DV (two-dimensional 
vertical) schematised model. A parameter sensitivity analysis was conducted by 
comparing the results of several simulations with respect to a reference case. 
3.2.3 Involved Physical Processes and Implementation in the 
Schematised Model 
Fluid mud is a dense suspension of particles of typical concentrations of several 
tens of g/l, a viscosity of 10 to 100 times that of water and shear thinning, 
thixotropic behaviour. Facing large gradients in fluid properties over the water-
fluid mud interface, the water column (in this paper defined as “suspension layer”) 
and the fluid mud body may be treated as two different fluid layers. 
Once the fluid mud is formed, the fluid mud layer may be forced to flow by 
gravity or shear stress induced by the overlying water. If the shear stresses are 
high enough, material from the mud layer may be entrained into the water column. 
If the flow in the mud layer is sufficiently high, the mud layer may erode the 
consolidated bed. Eroded bed material then contributes to the fluid mud layer. 
When the fluid mud layer is at rest, it is subjected to consolidation. The processes 
described above are depicted in Fig. 3.2.1. 
3.2.3.1 Suspension Layer 
The water motion overlying the fluid mud layer is assumed to be governed by 
tidal forces, wind shear stresses and bottom shear stresses. Herein the water is 
regarded as the sediment suspension layer which may be modelled with several 
grid nodes in the vertical direction. In this study it is assumed that the fluid mud 
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layer does not influence the suspension layer hydrodynamically. The bed 
roughness is formulated independently of the presence of the fluid mud layer. 
However, the fluid mud layer acts as a sediment source or sink for the suspension 
layer. 
 
Figure 3.2.1  Schematic representation of the governing processes between 
suspension layer and fluid mud layer [13]. 
3.2.3.2 Flud Mud Layer 
The fluid mud flow is assumed to be governed by shear stresses, acting on the two 
interfaces suspension - fluid mud (upper), and fluid mud - consolidated bed 
(lower). Shear stresses on the upper interface depend on the velocity difference 
between the two layers using a material specific friction coefficient, whereas shear 
stresses on the lower interface depend on the speed of the fluid mud flow, again 
using a material specific friction coefficient and a Bingham yield stress. Herein 
the fluid mud layer is modelled as 2DH (two-dimensional horizontal) problem, 
which indicates that there is not any change on the variables along the vertical 
direction in the fluid mud. 
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3.2.3.3 Sediment Exchange 
The rate of sediment exchange between suspension layer and fluid mud layer 
includes settling and entrainment. Erosion and deposition (consolidation) take 
place between the fluid mud layer and the consolidated bed.  
The source term in the mass balance of fluid mud is given by: 
 - -dm Settling Entrainment Erosion Dewatering
dt
   (3.2.1) 
The settling term is given by: 
 
(1 )     
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 (3.2.2) 
where  ws is the sediment settling velocity, C is the SPM concentration of the 
suspension layer near the fluid mud surface, s is the shear stress between the 
suspension layer and fluid mud layer, and dm is the critical shear stress for 
sediment settling. 
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in which the terms between the square brackets are only relevant in case of 
positive values. 3 3 3*,s * *,mu = u +u , u* is the shear velocity of the flow of the 
suspension layer and 2 2*, ( )m s mu f u u  , where u is the flow velocity of the 
suspension layer near the bottom, um is the flow velocity of the fluid mud layer 
and fs is the friction coefficient between the suspension layer and the fluid mud 
layer. B is the Bingham yield stress, m is the bulk density of fluid mud layer,  is 
the fluid density of the suspension layer, m     is the density difference 
over the upper interface, h is the thickness of the whole suspension layer (water 
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depth) and Cm is the SSC in the fluid mud layer. The empirical coefficients are 
0.25sC   and 0.42C  . 
The erosion term is given by: 
 
( 1)        










   
 
 (3.2.4) 
where Me is the bulk erosion coefficient and e is the critical shear stress for 
erosion and b is the bed shear stress contributed by the fluid mud layer. 
The dewatering term is given by: 
 0 mDewatering V C  (3.2.5) 
where V0 is the speed of consolidation and Cm is the SSC in the fluid mud layer. 
3.2.4 Model Set-up 
This study is focused on fluid mud dynamics in subaqueous dune troughs as 
observed in the Weser estuary. A schematised topography was defined in the 
model (Fig. 3.2.2) referring to the side-scan sonar and sub-bottom profiles from a 
river stretch of the Weser estuary, as displayed in Fig. 3.2.3. 
 
Figure 3.2.2  Schematic representation of dune troughs in the model  
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The suspension layer is split to 8 computational layers within a boundary-fitted  
co-ordinate system [14]. The thickness of the each layer increases gradually from 
the bottom to the water surface using a spatial distribution, as shown in Table 
3.2.1. 
 
Figure 3.2.3  Spatial distribution of fluid mud deposits in troughs of subaqueous 
dunes, visualized by simultaneous deployment of a side-scan sonar 
(Sportscan®, Imagenex) and a parametric sediment echo-sounder 
(SES2000®, Innomar Technology GmbH) in the Weser estuary [11]. 
Table 3.2.1 Layers distribution in the schematised model 
Layer No. (from surface to bottom) 1 2 3 4 5 6 7 8 
RELATIVE THICKNESS OF TOTAL 
DEPTH (%) 40 25 15 9 5 3 2 1 
There are 53 computational elements in the horizontal direction, having a uniform 
width of 12 m and a length of 3 m, covering around 150 m over a longitudinal 
computational domain. The time step is fixed to 0.04 minutes, which is 
sufficiently small to guarantee stability of the computation. Lateral open boundary 
conditions are defined by a sinusoidal current velocity of a period of 12 hours at 
the one side (downstream) and a weakly-reflective boundary at the other side 
(upstream). Vertical turbulent mixing was calculated by a k- turbulence closure 
model [15]. All relevant parameters specified in the model are given in Table 
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3.2.2. It is noted, that the values in Table 3.2.2 are specified in the reference case 
of the model. Some values are changed for the sensitivity analysis, as mentioned 
later in the paper. 
Table 3.2.2 Specification of model parameters 
Parameter Description Value 
AbV  
Amplitude of current velocity at 
upstream boundary 1.4 m/s 
bdC  
Sediment concentration at 
boundaries 1.0 g/l
 
  Density of the suspension layer 1023 kg/m3 
m  Density of the fluid mud layer 1065 kg/m3 
H  Horizontal eddy viscosity 1.0 m2/s 
HD  Horizontal eddy diffusivity 1.0 m2/s 
n  Bottom roughness (Manning) 0.026 m-1/3s 
sw  Settling velocity 1.0 mm/s 
dm  Critical shear stress for settling 1000 Pa 
bC  Sediment concentration of the bed 400 kg/m2 
mC  
Sediment concentration of the fluid 
mud layer 30 kg/m
2 
mf  
Friction coefficient between 




Friction coefficient between fluid 
mud layer and suspension layer 0.032 
eM  Bulk erosion coefficient 0.0 
b  Bingham yield stress 0.2 Pa 
e  Critical shear stress for erosion 0.5 Pa 
0V  Dewatering velocity 0.0 m 
Chapter 3 - Paper 1   
36 
It is noted that 0eM   and 0 0V  , which indicate the erosion occurring between 
the fluid mud layer and the consolidated bed, and the consolidation of the fluid 
mud layer are not taken into account here. 
3.2.5 Results
The first model run shows fluid mud dynamics in the reference case. Based on the 
corresponding results, several new ones are set up, contributing to the parameter 
sensitivity analysis. The effect of parameter changes on the fluid mud dynamics is 
then examined by comparisons with the results of the reference case (r-case). 
3.2.5.1 Reference Case 
The reference simulation showed the variability of fluid mud in the model 
domain. The mud layer fills the dune trough during slack water (06:00:00), and 
gradually accumulates to the thickest after about one and a half hours (07:28:00). 
Whereas it is entrained from the dune trough when the depth-averaged current 
reaches the maximum velocity 1.4 m/s at the ebb (09:00:00) and continues being 
entrained to the thinnest stage after around one and a quarter hours (10:14:00) 
(Fig. 3.2.4). More detailed information on the time dependent variation of fluid 
mud layer thickness and current velocity is specified for a single location in one 
dune trough (Fig. 3.2.5). It occurs, that the current velocity near the fluid mud 
surface repeatedly increases to its maximum with 0.64 m/s during flood, and with 
0.55 m/s during ebb. Maximum fluid mud entrainment is not linked to highest 
current velocities. Moreover, it is found that peak velocities do not timely coincide 
with minimum layer thickness. It is still decreasing during slack water, indicating 
a realistic time lag in sediment dynamics.  
The fluid mud surface here is shown to be influenced by the tidal currents in two 
ways. On the one hand the fluid body is dragged with the current towards the dune 
crests (Fig. 3.2.4) on the other hand material is suspended into the water column 
(Fig. 3.2.6). In the dune trough this leads to an enhanced local thinning of fluid 
mud in the ebb current as the material is more easily pushed upwards the low 
angel stoss side of the dunes. However, the geometry of dunes is subjected to the 
local hydrodynamic force. The Weser estuary is characterised of being ebb-
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dominated, thus the stoss side is heading to the upstream whereas the lee side to 
the downstream. 
 
Figure 3.2.4  Modelled fluid mud surface in dune troughs at different time points 
of the ebb phase (the solid line represents the dune geometry). 
 
Figure 3.2.5  Modelled thickness of fluid mud in the left dune trough and local 
current velocity at bottom layer. 
Fig. 3.2.6 shows the SPM concentration variation at different depths in the 
suspension layer during the same time period as shown as Fig. 3.2.5. It is seen that 
the SPM concentration variation coincides with the current velocity at the bottom 
layer fairly well in terms of time phase, which indicates the importance of the 
vertical mixing processes for the SPM concentration. However, there is more 
sediment entrained from the fluid mud layer under the ebb tide (09:00) in the view 
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of the whole trough (Fig. 3.2.7). Additionally, it can be seen that the concentration 
is higher in the right trough than the left trough at ebb tide, the situation is 
reversed at flood tide (03:00), which indicates the advection of SPM is playing a 
significant role considering the equivalent shear stress acting on the two troughs. 
 
Figure 3.2.6 Modelled SPM concentration at different computational layers and 
current velocity at bottom layer (layer1= water surface, layer5=1.4 
m above the bottom, layer8=bottom). 
 
Figure 3.2.7  Modelled SPM concentration along the dune at different time points 
of tide cycle (the solid line represents the dune geometry). 
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3.2.5.2 Effect of Current Velocity on Fluid Mud Thickness 
Two simulations were prepared to show the sensitivity of the model to the forcing 
current velocity. Firstly the velocity amplitude was decreased to 1.3 m/s. Fig. 
3.2.8 presents a comparison of variations of the fluid mud thickness at a point in 
the dune trough under the velocity amplitude of 1.3 m/s (v1-case) and 1.4 m/s (r-
case). It is shown that more fluid mud remains in the dune troughs throughout the 
tidal cycle in v1-case. Over a complete tidal cycle, settling exceeds entrainment. 
Thus, the amount of fluid mud accumulating in troughs is growing continuously in 
the long term even though there are some fluctuations in a single tidal cycle, 
resulting from the sinusoidal variation of the current velocity above the fluid mud 
layer.   
The effect of a velocity increase on the fluid mud erosion was investigated with 
v2-case, in which the amplitude of current velocity at the open boundary was set 
to 1.5 m/s. Fig. 3.2.9 exhibits that the simulation of the fluid mud thickness started 
from an initial condition. It is found that the initial fluid mud thicknesses is both 
1.6 m, after 2.5 tidal cycles, the fluid mud is fully suspended and does not appear 
anymore in the troughs in v2-case. However, the system of r-case seems to 
gradually reach an equilibrium state in the view with the variation of fluid mud 
thickness (Fig. 3.2.9). 
3.2.5.3 Effect of SSC on Fluid Mud Thickness 
The sensitivity of the model concerning an increase of SSC within the fluid mud 
layer can be shown by comparing results of r-case to c1-case (75 kg/m3). Fig. 
3.2.10 shows that the fluid mud thickness in c1-case is significantly lower than 
that in r-case, and that fluid mud layer is eroded quite soon until it disappears 
completely from the dune trough after 2.5 tidal cycles. An increase in SSC is 
linked to an increase of entrained fluid mud based on (3.2.3), which can be well 
proved by the results, displayed in Fig. 3.2.11. It is shown that there is more fluid 
mud which is entrained into the water column in c1-case by the comparison of 
SPM concentration at layer 8 close to the bottom between r- and c1-case, whereas 
that the SPM concentrations at layer 1 close to the water surface are almost same 
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in both cases, which implies that the vertical extension of SPM entrainment 
limited to the lower water column. 
 
Figure 3.2.8  Time-dependent variation of fluid mud thickness, modelled for 
velocity magnitudes of 1.4 m/s (r-case) and 1.3 m/s (v1-case), and 
modelled velocity at bottom layer of v1-case. 
 
Figure 3.2.9  Time-dependent variation of fluid mud thickness, modelled for 
velocity magnitudes of 1.4 m/s (r-case) and 1.5 m/s (v2-case), and 
modelled velocity at bottom layer of v2-case. 
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Figure 3.2.10  Model runs of time-dependent thickness variations of fluid mud, 
using SSC values of 30 kg/m3 (r-case) and 75 kg/m3 (c1-case), 
and modelled velocity at bottom layer for c1-case. 
3.2.5.4 Effect of Bingham Yield Stress on Fluid Mud Thickness 
The sensitivity analysis was carried on with b1-case, in which the effect of a 
reduction of the Bingham yield stress on fluid mud thickness is investigated. It is 
observed that the fluid mud thickness in b1-case turns out to be smaller than that 
in r-case but changes in a similar pattern (Fig. 3.2.12). The relative variation 
between maximum and minimum of fluid mud thickness seems to be equal for 
both cases, which indicates the discrepancy between entrainment and settling does 
not change much based on (3.2.1). The system can still reach an equilibrium state, 
disregarding the time variation curve of fluid mud thickness is lowered. 
3.2.5.5 Effect of Settling Velocity on Fluid Mud Thickness 
The sensitivity analysis was finalized by investigating the effect of different SPM 
settling velocities on fluid mud thickness (s1-case), as illustrated in Fig. 3.2.13. In 
comparison to r-case, the fluid mud layer is eroded rather rapidly in s1-case, 
which can be attributed to inadequate amount of settling SPM that compensate for 
the eroded amount of fluid mud. 
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Figure 3.2.11  Modelled SPM concentration at different computational layers in r- 
and c1-case (layer1= water surface, layer8=bottom). 
 
 
Figure 3.2.12  Model runs of time-dependent thickness variations of fluid mud, 
using settling velocities of 1 mm/s (r-case) and 0.5 mm/s (s1-case), 
and modelled velocity at bottom layer for s1-case. 
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Figure 3.2.13  Model runs, showing time-dependent thickness variations of fluid 
mud, including Bingham yield stresses of 0.2 Pa (r-case) and 0.1 
Pa (b1-case), and modelled velocity at bottom layer of b1-case. 
3.2.6 Discussion and Conclusions 
A 2DV numerical model was used to reproduce the fluid mud dynamics in a 
schematised stretch of river Weser with the concept of two separate layers of 
water and fluid mud. It appears that for a reference case the model was able to 
reproduce the characteristic features of the entrainment of fluid mud in the dune 
troughs under a specific hydrodynamic condition and that the system can reach a 
dynamic equilibrium state under a periodic hydrodynamic condition. Field surveys 
in the Weser estuary have shown that the fluid mud layer may completely vanish 
from the dune troughs at peak tidal current velocities and reforms during slack 
water [12]. It was shown that the model could be calibrated to simulate this 
behaviour by simple adaptation of the forcing currents. 
However, the scope of this study was rather to give a more qualitative picture on 
the model sensitivity than to calibrate towards a specific dynamic feature. A 
sensitivity analysis has shown that the fluid mud dynamics strongly depends on 
the local current velocity, mud concentration and SPM settling velocity. As v1- 
and v2-case show, the fluid mud exhibits totally different trends in the dune 
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trough even though there is a small change of only 0.1 m/s on the local current 
velocity.  
An important starting point for future work is that the change on the bathymetry 
due to infilling the dune trough by the mud is neglected in the present model. It is 
apparent that the continuous increase of fluid mud thickness in the dune trough 
should have an impact on the local hydrodynamics. As c1-case reveals, SSC 
within fluid mud determines the entrained amount of fluid mud. Therefore, the 
SSC is a considerably important parameter in the model and must be specified as 
accurate as possible. However, the SSC within the fluid mud layer is defined as a 
constant value in the model whereas is not only changing along the vertical 
direction but also with the time in the nature [16]. The role of Bingham yield 
stress is shown in b1-case. It is easily understood that the absolute amount of fluid 
mud remaining in the dune trough is reduced because of the decrease of Bingham 
yield stress. However, the similar relative variation between maximum and 
minimum of the fluid mud thickness compared to r-case indicates the discrepancy 
between entrainment and settling does not change much. The system can also 
reach an equilibrium state although the curve of fluid mud thickness is lowered. 
The effect of settling velocity is discussed in s1-case. Because of inadequate 
amount of settling SPM, the fluid mud layer disappears very soon. 
In the present model, erosion of consolidated bed by a moving fluid mud layer as 
well as dewatering of fluid mud are disabled in this paper, although having 
indication for significance of these processes. In addition, SPM settling velocities 
are inhomogeneous in the water column, due to effects of flocculation [17] and 
hindered settling [18]. This again plays an important role considering amount of 
fluid mud deposited in dune troughs, as shown as s1-case. Moreover, SSC within 
fluid mud also varies from the surface to the bottom. Depth-averaged values of 
SSC used in the paper need further validations, and the value of SSC is 
necessarily determined accurately as mentioned in c1-case. 
Flocculation and break-up of the particle aggregates, induced by hydrodynamics, 
as well as turbulence damping, induced by sediment [19], both seems to strongly 
influence the fluid mud dynamics in dune troughs. Thus, ongoing studies will also 
focus more interactions between hydro- and sediment dynamics. Timely limited, 
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morphological changes due to infilling of dune troughs by fluid mud, which have 
been neglected in this paper, will be taken into account in the improved model set 
up as well. 
Finally, only some preliminary results are shown in this paper, which firstly 
indicate the relative importance of vertical process and ebb-dominated geometry 
of dunes respectively for the SPM concentration and thickness of fluid mud layer 
in dune troughs, and then reflect the effects of local force and different properties 
on the fluid mud dynamics in dune troughs. However, a further development of 
this model cannot be independent of field measurements. Therefore, dedicated 
field measurements on the Weser estuary should be performed with a special 
attention to the stationary observation for the time-series data collection. 
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3.3.1 Abstract
In the turbidity maximum zone of the Ems estuary, Germany, cohesive sediments 
can form thick fluid mud bodies, up to a few meters. Sediment concentrations 
vary from several g/l in the upper layer up to over a hundred g/l above the 
consolidated bed. An abrupt change of suspended sediment concentration at the 
upper boundary of the fluid mud layer is called a lutocline, and is of prime 
importance in the effects of sediment-induced stratification in turbid estuaries. 
Here an examination of the position, strength and dynamics of the lutocline is 
presented based on acoustic backscatter measurements by three standard Acoustic 
Doppler current profilers. The position and strength of the lutocline can be 
described by the peak of acoustic backscatter gradient (PABG) derived from the 
ADCPs. Although three ADCPs exhibited different backscatter intensity in terms 
of magnitude, the PABG was highly consistent for the three ADCPs in terms of its 
strength and position. The intratidal variability of lutocline characteristics and its 
dependency on forcing hydrodynamics are demonstrated.  
3.3.2 Introduction
Fluid mud can be formed in estuaries with sufficient fine-sediment supply and 
periods of low intensity hydrodynamics due to the fact that the flux of settling 
particles towards the bed exceeds the consolidation rate of the bed and a gradual 
build-up of unconsolidated sediment takes place (McAnally et al., 2007). It is a 
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high concentration aqueous suspension of fine-grained sediment with 
concentrations of tens to hundreds of grams per litre, in which settling of particles 
and flocs are substantially hindered (Kineke et al., 1996; Kirby and Parker, 1977).  
Kirby and Parker (1983) firstly used the term “lutocline” to describe the sudden 
increase of suspended sediment concentration (SSC) at some depth in the water 
column. As a transition zone between the dilute upper suspension layer with 
relatively low concentrations and the lower dense fluid mud layer with much 
higher concentrations, the lutocline is governed by the flow-sediment interaction 
(Mehta, 1989). Lutocline characteristics play an important role regarding the fate 
of estuarine turbulent kinetic energy. On one hand, it is widely recognised that the 
lutocline has a virtual effect on damping of TKE diffusion and extent of the 
damping was investigated by parameterization (Trowbridge and Kineke, 1994; 
Winterwerp, 2002). On the other hand, internal waves riding on the lutocline 
enhance turbulence (Jiang and Mehta, 2002; Uittenbogaard, 1995). 
In turbid water, as a significant marker in the vertical SSC profile, the prediction 
of the position and strength of the lutocline is of considerable importance to 
properly estimate the total sediment transport over the vertical, but presently 
hindered by a lack of adequate understanding of lutocline-associated processes. 
Although many efforts have been devoted to study the lutocline behaviour in 
laboratory experiments (Kranenburg and Winterwerp, 1997; Wolanski et al., 
1989) as well as field measurements (Dong et al., 1997; Dyer et al., 2004; Holland 
et al., 2009; Vinzon and Mehta, 2003), there are few in situ observations of 
lutocline dynamics of high temporal and spatial resolution in tidal estuaries.   
Acoustic Doppler Current Profilers (ADCPs) are common instruments to measure 
current velocity profiles in marine environments (Dinehart and Burau, 2005; 
Lueck and Lu, 1997; Simpson and Oltmann, 1993). In the past decades, ADCPs 
have also been employed to measure suspended sediment characteristics in that 
the acoustic backscatter intensity was calibrated to measured values of SSC 
(Holdaway et al., 1999; Kim and Voulgaris, 2003; Merckelbach and Ridderinkhof, 
2006). In addition, based on the same principle, there are several other specialised 
devices of using acoustic backscatter to acquire information only with regard to 
SSC (Shi et al., 1999; Shi et al., 1996; Thorne et al., 1993; Villard et al., 2000) 
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and the investigation of lutoclines (Shi et al., 1997). These latter devices are 
favourably used in the measurement due to their non-intrusive remote monitoring 
capabilities with high spatial and temporal resolution but are not capable of 
measuring flow velocity. 
In this study the temporal evolution of the lutocline in the turbidity maximum 
zone of the Ems estuary (Germany) has been observed throughout several tidal 
cycles. Standard commercial ADCPs have been applied to investigate the 
hydrodynamic environment and the formation and disintegration of the lutocline 
in the tidal currents. The performance of three ADCPs with different operating 
frequencies was inter-compared. Flow velocities measured by the ADCP were 
compared to those measured by an electromagnetic current meter (ECM). It is 
shown that the lutocline can be characterised by the gradient of ADCP acoustic 
backscatter. This was confirmed by SSC profiles derived from a calibrated optical 
backscatter sensor (OBS).  
3.3.3 Regional setting 
The Ems estuary is a partially mixed, mesotidal estuary defined from the upstream 
end of tidal influence of the weir in Herbrum (0 km), passing by Papenburg (12 
km) and Emden (50 km), down towards the island of Borkum (100 km) in the 
Wadden Sea (Fig. 3.3.1). The estuary was formed by rising sea levels after the last 
ice age ended 10,000 years ago (Streif and Kostet, 1978). The sea level rise is 
continuing, remaining a constant rate at about 10-12 cm /100 years since 1901 
(Jensen and Mudersbach, 2006). The anthropogenic effects on the estuary are 
significant. From the 16th century to middle of the 20th century, diking, land 
reclamation and polderization were being conducted, resulting in a profound 
change of the form and functioning of the Ems estuary (Dinehart and Burau, 2005; 
Gienapp, 1983). After the Second World War, in order to satisfy the increasing 
demand of shipping transport, dredging activity and construction measures in 
harbours and navigational channels have been being maintained, greatly altering 
the physical processes including hydrodynamics and sedimentological dynamics 
in the Ems estuary (Steen, 2003). The estuary hydrodynamics have been changed 
significantly mainly due to a decrease in hydraulic roughness (De Jonge, 1983), 
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further leading to an increase as much as 1.5 m on tidal range (Jensen et al., 2003) 
and pronounced flood dominance (Van de Kreeke et al., 1997; Van Leussen, 
1995). The change on hydrodynamics inevitably has influenced the sediment 
transport in the estuary. In the turbidity maximum zone of the estuary, the SSC is 
currently between 1-2 orders of magnitude larger than in the 1950’s. Surface 
water concentrations have reached nearly 5 g/l during the summer months and 
data from fixed measuring points between 1-2 m above the bed suggest that 
concentrations sometimes exceed 25g /l during late summer (Talke and De Swart, 
2006).  
 
Figure 3.3.1  Location of the Ems estuary and its map. (The map in the lower 
panel is not in real scale due to the large span length of the estuary. 
0, 12, 50 and 100 km denotes the distance starting from Herbrum 
along the estuary.) 
Chapter 3 - Paper 2   
51 
3.3.4 Methods
The here presented data on local hydro- and sediment dynamics were measured 
from a moored ship at the western bank of the Ems estuary (53°14’11.51”N, 
7°23’48.63”E, approximately 22 km upstream of Emden, see Fig. 3.3.2) during a 
period of 26 hours from 15:33 on the 9th to 17:51 on the 10th September 2008.  
 
Figure 3.3.2  Location of the fixed measuring point, arrangement of the ship and 
ADCP at the measuring point and layout of the three ADCPs with 
different operational frequencies. (1, 2, 3, 4 denotes beam 1, beam 2, 
beam 3 and beam 4 respectively for the ADCPs at the starboard of 
the ship. u is the longitudinal current velocity along the channel, w 
is the vertical velocity, ub3, ub4 are the measured along beam 
velocities of beam 3 and beam 4,  is the angle of the beam to the 
vertical.) 
The waterlevel is recorded by the tidal gauge at Leerort approximately 3.5 km 
upstream from the measuring point, which is operated by the local Water and 
Shipping authority (WSA Emden). Three downward-looking ADCPs with 
different operating frequencies were mounted on the starboard side of the ship 
(Fig. 3.3.2). Additionally, a sensor carrier equipped with two electromagnetic 
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current meters and an optical backscatter sensor (OBS) was deployed in a 
profiling mode (Fig. 3.3.3). All sensor data were corrected for tidal elevation.  
 
Figure 3.3.3  Velocity profiles from the 1200 kHz ADCP in the transition from 
ebb to flood (“+” represents the direction of flood current; “–” 
represents the direction of ebb current) and pseudocolor plot with 
regard to backscatter gradient SVgrd from the 1200 kHz ADCP. 
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3.3.4.1 ADCP
Three standard RD Instruments Rio Grande ADCPTM of operating acoustic 
frequencies of 300, 600 and 1200 kHz with a vertical resolution (bin size) of 20 
cm and 40 bins over the vertical (RD Instruments 1996) were used at a stationary 
measuring point during the campaign. Sampling frequencies were slightly 
different, 0.6 Hz for the 300 kHz ADCP and 0.9 Hz for the 600 and 1200 kHz 
ADCP respectively. The ADCPs were mounted with Beam 3 pointing towards the 
bow of the ship which is marked by number “3” in Fig. 3.3.2. Due to the location 
of the ADCPs at 1.35 m below the water surface and the device specific blanking 
distance below the acoustic transducers, data available appeared 1.88, 2.03 and 
2.77 m below the water surface for the 1200, 600, 300 kHz ADCPs respectively. 
Invalid bins recorded by ADCPs were identified and removed prior to analysis. 
The chosen bin size for the 300 kHz ADCP is too small for reliable velocity 
measurements, but was used for the analysis of acoustic backscatter only.  
As shown in Fig. 3.3.2, the ship was aligned parallel to the channel. Therefore a 
longitudinal velocity u along the channel can be calculated from ADCP beam 
velocities u3 and u4 by 






  (3.3.1) 
In which u3, u4 are the measured along-beam velocities of beam 3 and beam 4, and 
=20° is the angle of the beam to the vertical (Fig. 3.3.2). In the post-processing 
of ADCP data, a 10-minute averaging period was used to calculate mean 
velocities (Soulsby, 1980). If the number of valid velocity data was less than 80% 
of the total number, the averaged velocity u  was treated as invalid. 
Apart from the Doppler shift derived current velocities, also the acoustic echo 
intensity can be used to provide information on the type and quantity of 
particulate matter in the water column. The echo intensity as recorded by each 
device was corrected for beam spreading and water absorption in order to 
determine the acoustic backscatter intensity in the water column (Deines, 1999). 
The absorption due to sediment in the water column is not taken into account in 
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this study.  The mean of the four beams backscatter data was calculated and 
filtered by blockwise ensemble average for 10-minute windows. A backscatter 
gradient SVgrd [dB/m] is defined as: 
 
SV SV





where SVupper represents the backscatter intensity in the upper bin and SVlower the 
backscatter intensity in the adjacent lower bin, z is positive upwards, and z is 0.2 
m of the bin (one depth cell) size. 
3.3.4.2 Electromagnetic current meters 
From the anchored ship an instrument carrier was deployed in profiling mode. A 
fin at the rear of the device keeps it in a streamwise direction towards the tidal 
currents (Fig. 3.3.3) (Trevethan et al., 2009). Two electromagnetic current meters 
(ECMs) (HS Engineers Series 2001) were used to derive velocity data even in 
highly concentrated suspension, where hydro-acoustic devices are not applicable. 
One was placed horizontally to measure vertical velocities, the other vertically to 
measure horizontal velocities. Their sampling frequencies were both 0.5 Hz. 
Vertical profiles of ECM current velocity were derived by averaging 100 samples 
at 1 m depth intervals. The instantaneous depth was recorded by a piezo-resistive 
pressure sensor (KELLER AG, Switzerland) attached to the ECM and also 
averaged by 10 minutes.  
3.3.4.3 Optical backscatter sensor 
Additionally an optical backscatter sensor (OBS) ViSolid® 700 IQ 
(Wissenschaftlich-Technische Werkstätten GmbH) was mounted on the same 
frame. The OBS was used to estimate SSC in the water column by the light 
scattered and reflected by the total suspended particulate matter. It recorded the 
data with the same sampling frequency and at the same sampling positions as the 
ECM to derive SSC depth profiles. SSC was quantified by a calibration of the 
OBS data to filtered and weighted suspended sediment samples. Due to technical 
limitations of the OBS sensor the valid range of conditions does not exceed SSC 
magnitudes of 22 g/l.  
Chapter 3 - Paper 2   
55 
3.3.5 Results
3.3.5.1 Current velocities 
In contrast to other typical marine environments at the measuring position in the 
Ems estuary a layer of fluid mud bed obscures the detection of a rigid bed. After 
correction for the tidal elevation, from now on the depth refers to mean sea level. 
The measured raw velocity data by the three ADCPs, gave valid numbers down to 
about -6 m, all bins below -7 m are not valid. The consolidated bed was touched 
by the instrument frame at an approximate depth of -9 m. For a period of 26 hours 
all ADCPs measured current velocity profiles from the level of their individual 
blanking distance down to a depth of approximately -7 m. As expected the 
measured velocities of the 300 kHz ADCP were not reliable (>20% invalid data 
above -6 m) because of the small bin size. The 600 and 1200 kHz ADCPs 
measured with better reliability (invalid data 5.2 % and 1.2 % respectively above -
6 m). The depth averaged velocities of the 600 and 1200 kHz ADCP are similar 
with a root mean square deviation of 0.03 m/s. Only velocity profiles measured by 
the 1200 kHz ADCP have been taken into account in this study. After averaging 
ADCP velocities over 10 minute intervals, it was found that the averaged 
longitudinal velocity is close to averaged velocity magnitude with a root mean 
square deviation of 0.02 m/s. Thus the effect of lateral flow was ignored further 
on.  
As shown in Fig. 3.3.4, most cells below -6 m contain invalid values and are 
removed from further analysis. The 1200 kHz ADCP was able to penetrate to 
below -6 m during strong currents. The black solid line representing the depth 
averaged velocity shows the significantly larger flood current compared to the 
ebb, implying a local flood dominance of the system. During the two tidal cycles, 
the depth averaged velocity ranged from 1.1 m/s at flood to 0.8 m/s at ebb current. 
The flood current quickly peaked at 1.1 m/s from zero within a short accelerating 
period less than 2 hours and then gradually weakened until slack water within a 
decelerating period around 4.5 hours after a typical short duration of one distinct 
flood peak (1.1 m/s). The ebb current increased to the maximum 2.5 hours later 
since the high slack water and continued for a longer ebb phase with several 
current peaks at around 0.7 m/s. 
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Figure 3.3.4  Contour of time averaged longitudinal velocity   over the 
measurable range and depth averaged velocity from the 1200 
kHz ADCP. 
 
Figure 3.3.5  Velocity profiles from the 1200 kHz ADCP in the transition from 
ebb to flood (“+” represents the direction of flood current; “–” 
represents the direction of ebb current) and pseudocolor plot with 
regard to backscatter gradient SVgrd from the 1200 kHz ADCP. 
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The ebb current persisted for longer time in particular with more oscillations 
during the maximum which also can be seen from the contour plot of u . The 
duration time of high slack water is much longer than the low slack water.  
In transitions from ebb to flood around 02:40 and 16:00, it is observed that the 
flow firstly changed direction starting from the bottom with the coming of flood 
current (Fig. 3.3.5). The maximum flow reached nearly 0.2 m/s in flood direction 
and nearly 0.5 m/s in ebb direction. 
 
Figure 3.3.6  Streamwise velocity profiles measured by the ECM, longitudinal 
velocity profiles measured by the 1200 kHz ADCP (as same as 
Fig. 3.3.5, “+” represents the direction of flood current; “–” 
represents the direction of ebb current) and pseudocolor plot with 
regard to backscatter gradient SVgrd from the 1200 kHz ADCP. 
Electromagnetic current meters were used for 6 hours from ebb peak (11:07) to 
flood peak current (17:47) on September 10th to compare with the ADCP readings 
close to the fluid mud layer where the ADCP was expected not to be able to 
collect reliable data with regard to velocity. The instrument frame was lowered 
throughout the whole water column and fluid mud layer down to the consolidated 
bed at approximately -9 m. The averaged velocity calculated from 100 samples at 
each depth is called mean velocity in Fig. 3.3.6. To get a complete profile of 
velocity using ECM required around 40-50 minutes, also depending on the 
temporal water depth determined by tidal elevation. For comparison with ADCP 
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data the ECM profile data was plotted for a time point midway during the time 
period required to measure each velocity profile. 
Seven ADCP profiles during ebb and two during flood currents show logarithmic 
shape approaching zero velocity at a depth of about –6.5 m. One profile taken 
during slack water shows an indifferent profile. In comparison to the ECM 
profiles that were measured down to the consolidated bed at about -9 m, they 
generally show an acceptable agreement (overall correlation coefficient 
R=0.917~0.997) with the parts covered by the ADCP velocity data in the ECM 
profiles. However, ECM velocities are a little higher. In the scattered plot (ECM 
velocities are x axis and ADCP velocities y axis) which is not shown here, the 
slope of 0.87 was found for the best fit between the ECM and ADCP velocities 
with a squared correlation of 0.98. At some profiles the lowermost part of the 
ADCP velocity profile appears not to match the numbers given by ECM. 
However, further analysis is not possible due to the rather distant 1 m intervals of 
ECM profile data. Although the ECM could be lowered down to the consolidated 
bed, the velocity measured by ECM in the range of about 2 m upwards from the 
bed was zero for most of the measuring time. It shall be noted that some 
movement was activated to a deeper position driven by the strong flood current at 
17:28, which can be also seen from the velocity profile measured by the ADCP. 
3.3.5.2 Acoustic backscatter 
Acoustic echo intensities as recorded by the three ADCPs and corrected for beam 
spreading and water adsorption (Deines, 1999) for two tidal cycles are shown in 
Fig. 3.3.7a1, b1, c1. Depending on their acoustic frequency absolute values differ, 
but general patterns are similar: at all times the acoustic backscatter increases 
from the upper water column to about -5m water depth, depending on the tidal 
stage. Below this follows a pronounced increase of acoustic backscatter to 
maximum values at about -6 m. Below this peak, echo intensities drop rapidly to a 
system noise level of below 60 dB. Intensities change along the tidal cycle with a 
repeated general pattern of lower intensities at high water slack; and maximum 
values at the low water. The significant increase of acoustic backscatter in a depth 
of about -6 m is highlighted in Fig. 3.3.7a2, b2, c2 as a pronounced peak of the 
acoustic backscatter gradient (PABG). This PABG is stronger at slack waters, 
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around 20:00 and 09:00 at the high water slack, around 02:30 and 16:00 at the 
much shorter low water slack, but weak at full tidal currents. It is in particular 
seen that the PABG of the 1200 kHz ADCP decayed when the depth averaged 
velocity reached around 0.7 m/s. The vertical position of the PABG gradually 
changes with the tidal currents.  
 
Figure 3.3.7  Pseudocolor plots with regard to backscatter SV and backscatter 
gradient SVgrd from the three ADCPs and the tidal elevation (thick 
grey line) from the tidal gauge at Leerort. a1: Backscatter from the 
300 kHz ADCP, a2: Backscatter gradient from the 300 kHz 
ADCP, b1: Backscatter from the 600 kHz ADCP, b2: Backscatter 
gradient from the 600 kHz ADCP, c1: Backscatter from the 1200 
kHz ADCP, c2: Backscatter gradient from the 1200 kHz ADCP. 
Exemplarily for some time points marked in Fig. 3.3.9, the backscatter profiles 
over the depth from the three ADCPs are presented in Fig. 3.3.8. At the first time 
point (11:16), the ebb current just reached the maximum velocity and all three 
ADCPs showed a significant PABG (-14.85, -19.08 and -27.52 dB/m for the 1200, 
600 and 300 kHz ADCP respectively) in the zone between -5 and -6 m on the 
backscatter profile (Fig. 3.3.8a). At the second time point (14:05), the PABG 
almost vanishes especially for the 1200 and 600 kHz ADCP (-3.49, -4.50 and -
12.83 dB/m for the 1200, 600 and 300 kHz ADCP respectively) with continuation 
of the ebb maximum current (Fig. 3.3.7a2, Fig. 3.3.8b). At low water slack 
(15:55), the PABG recovered to one of its maxima (-22.31, -32.61 and -24.12 
dB/m for the 1200, 600 and 300 kHz ADCP respectively) throughout the tidal 
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cycle (Fig. 3.3.8c). With rising flood currents the PABG weakened again (Fig. 
3.3.8d). 
 
Figure 3.3.8  Backscatter profiles measured by the three ADCPs at the time points 
nearest to those marked by the rectangular in Fig. 3.3.9. 
 
Figure 3.3.9  Upper panel: SSC profiles from the calibrated OBS and contour plot 
with regard to backscatter gradient SVgrd from the 1200 kHz ADCP. 
(The rectangular denotes the time points nearest to which 
backscatter profiles are plotted at the corresponding time points in 
Fig. 3.3.8.) 
Lower panel: SSC from the calibrated OBS at points 
nearest to -4 m at elevation. 
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3.3.5.3 Suspended sediment concentration 
Suspended sediment concentration (SSC) profiles were obtained from OBS at ten 
times from maximum ebb flow over low water slack to maximum flood flow. SSC 
values in the upper water column range from 1 g/l after slack waters to about 2 g/l 
at high currents (Fig. 3.3.9, upper panel). It shall be noted that due to technical 
limitations, SSC magnitudes exceeding 22 g/l could not be quantified. Thus no 
valid information with regard to SSC could be obtained near the bottom.  
All the SSC profiles showed significant gradients at depths around -6 m. On the 
first profile at 11:18, the SSC increased from 2.2 to 15.3 g/l between the depths of 
-4.6 and -5.5 m across the PABG. In the following ebb current more sediment was 
suspended into the upper water column, which can be observed from the profiles 
of SSC. More explicitly, it can be seen from the lower panel of Fig. 3.3.9 that the 
variation of SSC sampled at the points nearest -4 m of elevation during the ebb 
maximum current from 12:50 to 15:17. At slack water (15:59), the SSC in the 
upper water column decreased.  
The maximum gradients of the SSC profiles were fairly consistent with the 
position of PABG which was reformed with the decay of the currents. Following 
the slack water, the flood current acceleration (1.83×10-4 m/s2) forced an increase 
in the SSC in upper water column.  
3.3.6 Discussion
The comparison between the 1200 kHz ADCP and ECM current velocities 
suggested a good agreement. However, the time around 40-50 minutes required to 
measure a profile of velocity by the ECM was too long to meet stationarity. 
Sufficiently short record lengths (8-12 minutes) suggested by Soulsby (1980) are 
considered the flow can be thought of as quasi-stationary in a tidal estuary. The 
vertical resolution of 1 m turned out to be too large to truly reflect the values 
between the neighbouring points by a linear interpolation between them. The 
ADCP exhibited an obvious advantage of measuring the velocity fast and non-
intrusively with much higher spatial resolution (20 cm), however only down to a 
level where the attenuation of the acoustic backscatter signal travelling does not 
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hinder ADCP processing. ECM data of this tidal cycle shows that there is no 
movement in the fluid mud layer below the lutocline zone most of the time. Only 
at maximum flood currents the fluid mud layer is moved with a velocity around 
0.25 m/s accompanied by entrainment of suspended matter into the upper water 
body. The observation of the flow changing direction firstly from the bottom at 
16:07 with more significant velocity magnitude compared to that occurring during 
the high water slack indicates an effect of density induced baroclinic pressure 
gradients resulting from extremely high SSC near the bottom (Winterwerp and 
Van Kessel, 2003). 
The acoustic backscatter intensity is assumed to be an indicator of the SSC. The 
absolute values are dependent on instrument specifications (Deines, 1999; 
Gartner, 2004; Kostaschuk et al., 2005) and the three ADCPs recorded different 
absolute intensity magnitudes. However similar patterns were observed: The peak 
of acoustic backscatter between -5 m and -6 m was obvious in all ADCP readings 
and implied the presence of very high SSC, which is known to be the upper 
boundary of the fluid mud layer. Compared to the OBS, the backscatter from the 
ADCP may give quantitative information on SSC if accounting for the effect of 
sediment attenuation (Flammer, 1962; Gray and Gartner, 2009; Thorne et al., 
1991) and sufficient calibration. However in this context only a qualitative 
analysis was envisaged.  
Despite their different energy dissipation rates, all three ADCPs readings featured 
the significant peak of acoustic backscatter gradient (PABG) at the interface 
between the upper water column and the fluid mud layer. Here a significant 
increase in OBS derived SSC indicates the presence of the lutocline. Thus the 
PABG could be related to the position and strength of the fluid mud lutocline 
throughout the measured tidal cycles.  
Generally the lutocline is expected to become more pronounced with the gradual 
decrease of currents as the sediment suspended in the water column then settles 
down. At higher flow stages sediment is brought into suspension again and the 
lutocline becomes less pronounced (Fig. 3.3.9) (Ross and Mehta, 1989; Wolanski 
et al., 1992). This periodic pattern could also be observed in the PABG signal 
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during the measurements (Fig. 3.3.7a2, b2, c2). Depending on the type of ADCP, 
PABG signals showed different magnitudes. 
In the transition from ebb to flood during which the changing rate (deceleration 
and acceleration) of current velocity is quite large, the time of slack water was 
quite short and the flood current came quite rapidly with higher peak velocity, 
hence the time for the sediment to settle down was not sufficient and the lutocline 
was not as strong as the one during slack water in the transition from flood to ebb 
with apparently smaller deceleration and acceleration. 
During stronger currents, the sediment was mixed upward, leading to the strong 
backscatter concentrated in the upper water column as shown in a1 of Fig. 3.3.7 
Accordingly the lutocline was obscured in view of the backscatter gradient 
processed from the 600 and 1200 kHz ADCP as shown in the right panel of Fig. 
3.3.7. However, the lutocline was still present, which can be confirmed by the 
continuous distinct layer of representing strong backscatter intensity around -6 m 
in c1 of Fig. 3.3.7 and the prominent jumps of SSC profiles measured by the OBS 
(Fig. 3.3.9).  
Moreover, the lutocline underwent a vertical displacement during the high and 
low slack waters. Due to the settling of sediment from the upper water column, the 
lutocline firstly rose up for a while at the beginning of the slack water. Then as a 
result of dewatering, the lutocline settled down.  
During the deceleration of flood currents from 17:00 to 20:00, at the first stage the 
rise of lutocline can be attributed to the effect of hindered settling, which can be 
identified by an increase of PABG in magnitude from -10 to -30 dB/m in view of 
the data measured by the 600 kHz ADCP (Fig. 3.3.7c2). At the second stage, after 
19:00 the lutocline moves down and the PABG continues to increase to -50 dB/m, 
indicating that the settling still prevails along with dewatering. The same variation 
pattern can be also observed during the second deceleration of flood currents from 
06:00 to 09:00. With the gradual increase of the current velocity, the entrainment 
on lutocline started to play a dominant role under the impact of the strong current, 
which is suggested by the fact that the colour of PABG started to become lighter 
and its position continued to drop down. 
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The position of the lutocline can be confirmed by the prominent gradients of SSC 
profiles derived from OBS. The SSC in the lutocline zone is around 15 g/l, and 
even higher during the slack water due to the settling of sediment from the upper 
part of water column. On the two SSC profiles during the acceleration of flood 
current, the most pronounced increase seems to be not consistent with the 
lutocline stated by the PABG (Fig. 3.3.9). In fact, the measuring point next to the 
lowest point on which the SSC is 22 g/l should be a little higher than its position 
in the plot because the time required to measure a complete profile was quite long 
relative to the rapid variation of tidal elevation during the acceleration of flood 
currents and the tidal elevation had increased a lot since the data was sampled at 
the first point near the surface. In addition, the variation of fluid density over the 
depth also introduced an error in deriving the depth from pressure sensor and 
made the derived depth larger than the real value in the lower part due to the 
increase of fluid density resulting from the increase of SSC. 
 
Figure 3.3.10  The sketched system based on the backscatter intensity and 
gradient, velocity and sediment concentration profiles over the 
vertical. (after Jiang, 1999) 
Summarizing all the measured results, the system may be described by the scheme 
proposed by Fig. 3.3.10. In the study presented in this paper, the lutocline layer 
occurred between -5 m and -6 m at elevation according to the acoustic backscatter 
gradient sampled in the field, where the effect of hindered settling was remarkable 
during the deceleration of currents and the entrainment took place at strong 
currents. The PABG from the three ADCPs suggests that the lutocline at the same 
position which is stated by the distinct dark layers (Fig. 3.3.7a2, b2, c2) changes 
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its strength and position due to hindered settling, dewatering and entrainment 
which are affected by the tidal current.  
Above the lutocline, a layer defined as mobile suspension the SSC may reach 
several g/l in the measuring period. In this layer, SSC is governed by the current. 
When the current is strong, there is more sediment mixed upwards from the 
lutocline zone and even the lower fluid mud layer, and the SSC gradient in the 
lutocline zone becomes smaller. But when the current is weak, sediment freely 
falls and the settling is aggravated due to flocculation. In the lutocline zone, the 
SSC gradient is largely enhanced again due to hindered settling effect and decline 
of mixing. Below the lutocline zone, a fluid mud layer is present with much higher 
SSC over a hundred g/l derived from sediment samples measured by Wurpts 
(2008).  
The instruments could be lowered down to around -9 m where the consolidated 
bed is expected. Therefore, the fluid mud layer between the lutocline zone and 
consolidated bed was more than 2 m thick, in which there was no movement most 
of the time.  
3.3.7 Conclusions
Standard acoustic Doppler current profiler (ADCP) can be used to examine local 
current profiles, qualitative SSC in upper water column and dynamic properties of 
a fluid mud lutocline at the same time. Based on data collected by a field 
campaign in the Ems estuary in September of 2008, ADCP derived velocities 
were compared to electromagnetic current meters and showed to be reliable down 
to the lutocline layer below which the velocities approach zero. It was shown that 
the gradient of acoustic echo intensity can be used to qualitatively describe the 
position and strength of the lutocline without an extended calibration of the 
acoustic backscatter to suspended sediment concentration being necessary. 
The magnitude of acoustic backscatter gradients can be used to qualitatively 
demonstrate the strength of the lutocline. Its evolution under tidal forcing is 
governed by several processes like entrainment, hindered settling and dewatering. 
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At slack water times a strong lutocline is formed due to less mixing and hindered 
settling, which is reflected by increasing ADCP backscatter gradients; whereas at 
strong hydrodynamic forcing the lutocline is weakened because of intensive 
mixing and entrainment, reflected by decrease of ADCP backscatter gradients. 
Compared to the short period for deceleration of the ebb current, the period for 
deceleration of the flood current is quite long, which is favourable for continuous 
increase of the strength of the lutocline with effect of hindered settling and even 
dewatering.  
It is recognized that under the upper strong flow sediment is entrained from the 
fluid mud layer into the lutocline zone firstly and further mixed up to the mobile 
suspension layer. Nevertheless, the sediment exchange between the fluid mud 
layer and the consolidated bed is still poorly understood.  Hence, detailed 
description of this sediment exchange through laboratory experiments and field 
measurements are required to gain better understanding of this process. 
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The stability of a mobile fluid mud lutocline described by standard ADCP 
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3.4.1 Abstract
Fluid mud is observed in estuaries and lakes throughout the world. Despite the 
common interest in a fundamental understanding of the formation and dynamics 
of fluid mud layers, detailed data on the occurrence and stability of fluid mud is 
scarce. Here the (re-) formation of a fluid mud body was observed in the German 
Ems estuary. Detailed measurements of the hydrodynamics and sediment 
dynamics are presented. This study explores the applicability of standard 
commercial Acoustic Doppler Current Profilers (ADCPs) to derive quantitative 
measures of the fluid mud lutocline stability. It was found that gradient 
Richardson numbers for the description of lutocline stability could be calculated 
based on acoustic backscatter gradients as measured by 300 kHz and 600 kHz 
ADCPs and velocity gradients as measured by 1200 kHz ADCP. Backscatter 
gradients can either be calibrated to suspended sediment concentration (SSC) 
gradients based on direct monitoring of SSC by optical backscatter sensor (OBS), 
or directly applied without a significant loss in accuracy of the derived backscatter 
Richardson numbers Ribs. 
3.4.2 Introduction
A turbidity maximum zone (TMZ) may form in estuaries if sediments originating 
from marine and/or terrestrial sources converge to form locally increased turbidity 
with suspended sediment concentration (SSC) 10 to 100 times greater than those 
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upstream or seaward (Nichols and Biggs, 1985). The TMZ plays an important role 
in estuarine sedimentary and ecological processes: Settling rates are enhanced by 
flocculation of sediment grains in saline environments (Gibbs et al., 1989; Kranck, 
1986; Winterwerp, 2002), while primary production is influenced by impairment 
of light penetration (Colijn, 1982; Joint and Pomroy, 1981; Malone, 1976; 
Pennock and Sharp, 1986) and pathogenic bacteria is protected from UV light in 
turbid environments (Alkan et al., 1995; Pommepuy et al., 1992; Rozen and 
Belkin, 2001). The causative mechanisms for TMZ formation vary depending on 
factors like channel morphology, tidal dynamics, sediment characteristics and 
riverine influence (Dronkers, 1986; Nichols and Poor, 1967; Sanford et al., 2001; 
Schoellhamer, 2001; Schubel and Carter, 1984; Talke et al., 2009).  
High contents of suspended matter in the TMZ may lead to highly variable density 
stratifications (Dyer et al., 2004; Uncles et al., 2006b) from concentrated benthic 
suspension (CBS) to highly concentrated benthic suspension (HCBS) (Whitehouse 
et al., 2000; Winterwerp and van Kestern, 2004)) up to fluid mud layers with high 
concentrations of tens to hundreds of grams per litre, in which settling of particles 
and flocs are substantially hindered (Kineke et al., 1996; Kirby and Parker, 1977; 
Uncles et al., 2006a). Kirby and Parker (1983) coined the term “lutocline” to 
describe discontinuities in the vertical suspended sediment concentration (SSC) 
profile (Latin lutum: mud; Greek 	
 (cline): to possess or exhibit gradient) due 
to stratification in analogy with haloclines (U.S. Naval Oceanographic Office, 
1966) and thermoclines (Defant, 1961).  
Observations of critical states and the dynamics are crucial for the understanding 
of formation processes, dynamics of fluid mud bodies, and the development, 
calibration, validation of numerical models (Guan et al., 2005; Hsu et al., 2009; 
Hsu et al., 2007; Le Hir et al., 2001; Nguyen et al., 2009; Watanabe et al., 2001; 
Winterwerp, 2002). The stability of density stratifications is commonly expressed 
by the dimensionless gradient Richardson number which is a measure of vertical 
stability based on the ratio between the potential energy required for vertical 
mixing and the turbulent kinetic energy available in the flow for mixing. 
According to the definition arising from the balance equation for turbulent energy 
(Tennekes and Lumley, 1972), the gradient Richardson number is calculated as: 
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the term for kinetic energy due to velocity gradient, s  is the density of 
the sediment and w  density of the water,   is the mean density of sediment-




  is the vertical SSC gradient. 
The dependence of SSC stratification effects on the gradient Richardson number 
was indicated in studies by Wolanski et al. (1988) and Sheng and Villaret (1989). 
West and Oduyeme (1989) found a reduction in vertical sediment flux up to 90 % 
at gradient Richardson numbers exceeding 0.25. van der Ham (2001) carried out 
detailed turbulence measurements by high-frequency flow meters and fibre optical 
turbidity sensors at three fixed levels close to the bed in the tidal channel of the 
Dollard estuary. The gradient Richardson number was calculated based on the 
data sampled by two neighbouring sensors at fixed position and effects of SSC 
induced density stratification on turbulence structure were analysed. A similar 
measurement was also carried out by West and Oduyeme (1989) using sensors at 
fixed heights above the bed to investigate dependence of relative velocities upon 
the gradient Richardson number. However, fixed sensors are limited to 
environments where the position of the lutocline does not change in time. 
Although the vertical adjustment of sensors in a vertical profiling mode appears to 
be a solution, it is an intensive work and suffers from a constraint on temporal 
resolution at each sampling depth point. Acoustic backscatter profiling devices 
instantaneously offer a good estimation of SSC distribution in the whole water 
column (Gartner, 2004; Hosseini et al., 2006; Kim and Voulgaris, 2003; 
Merckelbach and Ridderinkhof, 2006; Thorne et al., 1993; Topping et al., 2004; 
Vincent et al., 1991). However, in a highly turbid environment with extremely 
high SSC and irregular geometry of particles due to flocculation, uncertainties in 
the acoustic absorption character of suspended matter make the quantification of 
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SSC, a very complex, yet not fully resolvable task (Gray and Gartner, 2009; 
Thorne and Hanes, 2002; Vincent and Macdonald, 2010). 
In this paper we demonstrate a characterization of lutoclines in estuarine high 
suspension load layers and mobile fluid mud by conventional Acoustic Doppler 
Current Profilers (ADCPs). The gradients in acoustic backscatter of 300 and 600 
kHz ADCP were used to specifically derive the SSC gradient at the lutocline. By 
combination with the velocity gradient measured simultaneously by a 1200 kHz 
ADCP, the gradient Richardson number was calculated. This procedure is shown 
on a data-set from river Ems in Germany for a period after an intensive engineered 
flushing when concentrated benthic suspensions re-entered the upper estuary 
repeatedly under advection of flood current until a fluid mud layer reformed.  
3.4.3 Regional setting and background 
The Ems estuary is a partially mixed, mesotidal estuary, which is located at the 
border of the Netherlands and Germany (Fig. 3.4.1). The estuary connects the 
northeastern part of the Netherlands and the northwestern part of Germany with 
the North Sea and forms an important navigation route for sea-going and river 
ships. Between the North Sea barrier islands and the harbour town of Emden the 
water depth averages between 10 and 20 m, while much of the remaining 53 km to 
the tidal weir in Herbrum is maintained at a navigable depth around 7 m (Talke et 
al., 2009). In the estuary the actual mean tidal range increases upstream from 2.4 
m at the island of Borkum to its maximum of 3.5 m at Papenburg and then 
decreases upstream to 2.7 m at the tidal border at Herbrum. Approximately 90% 
of the freshwater input into the estuary comes from the Ems River with an average 
fresh discharge of 100 m3/s (de Jonge, 1992).  
The morphology in the estuary is characterised by highly dynamic tidal channels 
and flats (van de Kreeke et al., 1997). Natural and anthropogenic processes induce 
continuous sedimentation and erosion or the migration of tidal channels and 
gullies. The bed sediment composition in the estuary varies from very high mud 
contents (> 75%) on the intertidal flats and the margins of the Dollard Bay to very 
low cohesive sediment contents (< 2%) in the estuarine inlet and the offshore 
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areas. The content of cohesive sediment is strongly dependent on the degree of 
exposure to currents and waves. The remaining sediment percentage mainly 
consists of fine to coarse sands, while larger grain sizes are found in the tidal 
channels and the estuarine inlet. In the reach between Knock and Leerort 
significant layers of fluid mud are common leading to pronounced density and 
viscosity variations over the vertical (Herrling and Niemeyer, 2008).  
 
Figure 3.4.1  Location of the fixed measuring point, arrangement of the ship and 
ADCP at the measuring point and layout of the three ADCPs with 
different operational frequencies (1, 2, 3, 4 denotes beam 1, beam 2, 
beam 3 and beam 4 respectively for the ADCPs at the starboard of 
the ship. u is the longitudinal current velocity along the channel, w 
is the vertical velocity, ub3, ub4 are the measured along beam 
velocities of beam 3 and beam 4,  is the angle of the beam to the 
vertical). 
In the Ems River the barrier work “Emssperrwerk”, is situated about 3.5 km 
upstream from Pogum (Fig. 3.4.1). This barrier functions to protect upstream 
country from storm surges and regulate the water level for shipping. The 
measurement campaign presented in this paper was undertaken some days after a 
temporary closure of the barrier to allow for a large ship passage from a shipyard 
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in Papenburg to the North Sea after completion. As a result of the closure of the 
barrier work, in the upper estuary the tidal elevation at gauge Leerort was 
continuously rising after February 21, while in the same period the change of the 
tidal elevation at Pogum downstream from the barrier work seems to be not 
affected by the closure of the barrier work (Fig. 3.4.2). 
 
Figure 3.4.2  Tidal elevation got from the tidal gauge at Leerort and Pogum (The 
grey thick line denotes the measuring period). 
3.4.4 Methods
The presented data on the local hydro- and sediment dynamics were collected 
from 18:48 on the 24th to 05:32 on the 27th February 2009. A spring tide took 
place on the 27th.  
During these almost 55 hours the research vessel “FK Senckenberg” was moored 
between two dolphins close to the main navigation channel near the western bank 
of the Ems estuary (53°14’11.51”N, 7°23’48.63”E, approximately 22 km 
upstream of Emden, see Fig. 3.4.1). Three RDI ADCPs with different operational 
frequencies were mounted on the starboard side of the ship (Fig. 3.4.1). 
Additionally, an optical backscatter sensor (OBS) was used to profile the water 
column. The elevation of all data at sampling points was tidally corrected. The 
waterlevel was recorded at the tidal gauge of “Leerort” approximately 3.5 km 
away from the measuring position. 
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3.4.4.1 Acoustic Doppler Current Profilers 
Three standard RD Instruments Rio Grande ADCPTM with operational frequencies 
of 300, 600 and 1200 kHz were deployed (RD Instruments, 1996). All ADCPs 
utilised a same vertical resolution (bin size) of 25cm. Their sampling frequencies 
were 0.67 Hz for the 300 kHz ADCP, 3.57 Hz for the 600 kHz ADCP, and 0.92 
Hz for the 1200 kHz ADCP respectively. The three ADCPs were mounted with 
Beam 3 facing the bow of the ship (NW direction) as marked in Fig. 3.4.1. Due to 
the location of the ADCPs at 1.35 m below the water surface and the specific 
blanking distance below the acoustic transducers for each device, data available 
appeared 2.8, 2.08 and 1.9 m below the water surface for the 300, 600, 1200 kHz 
ADCP respectively. Invalid bins were identified by outliers and removed prior to 
analysis. Due to the fact that the bin size (a depth cell) of 25 cm is too small for 
the 300 and 600 kHz to sample reliable information with regard to current 
velocity, the information with regard to current velocity was taken from the 1200 
kHz ADCP.  
As shown as Fig. 3.4.1, the ship was aligned parallel to the channel. Therefore a 
longitudinal streamwise velocity u along the channel could be calculated from ub3 






  (3.4.2) 
In which ub3, ub4 are the measured along beam velocities of beam 3 and beam 4 of 
the 1200 kHz ADCP, and =20° is the angle of the beam to the perpendicular 
direction (Fig. 3.4.1). In the post-processing of ADCP data a 10-minute averaging 
period was used to calculate mean velocities. If the number of valid velocity data 
was less than 80% of the total number in the averaging period of 10 minutes, the 
mean velocity was treated as an invalid value in the cell at corresponding depth 
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where u  is the mean longitudinal velocity based on the 10-minute averaging 
period, upperu  and loweru  represent the mean longitudinal velocity in the upper bin 
and neighbouring lower bin respectively, z is positive upwards, and z is the bin 
size of 0.25 m.  
The ADCP acoustic backscatter intensities of the 300 and 600 kHz ADCPs were 
used to provide qualitative information on suspended matter in the water column. 
A conversion from received device specific echo intensity [counts] to acoustic 
backscatter [dB] took into consideration device specific variables, effects of beam 
spreading, and sound adsorption due to water (Deines, 1999). Sound absorption 
due to suspended matter in the water column was not taken into account due to the 
unknown particle size distribution and real suspended matter concentration. The 
mean acoustic backscatter of beam 3 and beam 4 was calculated for each vertical 
bin and averaged for 10-minute windows. Similar to definition of the velocity 
gradient, the backscatter gradient SVgrd [dB/m] is defined as: 





where svupper  and svlower  represent the mean backscatter intensity in the upper bin 
and neighbouring lower one respectively, and z the bin size equal to 0.25 m. 
3.4.4.2 Optical backscatter sensor 
An optical backscatter sensor (OBS) ViSolid® 700 IQ (Wissenschaftlich-
Technische Werkstätten GmbH) was used to infer the mass concentration (or dry 
density) in the water column by the light scattered and reflected by the total 
suspended particulate matter. OBS data was calibrated for suspended sediment 
concentration (SSC) on filtered and dry weighted water samples of suspended 
sediment (Trevethan et al., 2009). For technical reasons the OBS could not sample 
exactly at the measuring volume of the ADCPs but some meters towards the 
channel center. The SSC was profiled at roughly 1 m intervals over the depth from 
the ships crane on the starboard side of the ship. It recorded the data with a 
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sampling frequency of 1 Hz. The vertical profile of mean SSC was derived by 








where c  is the mean SSC based on the 50-second averaging period, upperc  and 
lowerc  represent the mean SSC at the upper sampling point and neighbouring lower 
one respectively, and z is the interval distance between two neighbouring 
sampling points which is not a constant value like the bin size of the ADCP but 
roughly equal to 1 m. 
3.4.5 Results
3.4.5.1 Acoustic Doppler Current Profiler Data 
3.4.5.1.1 Hydrodynamics
Streamwise velocity magnitude profiles, depth averaged velocity and the tidal 
elevation as calculated from the 1200 kHz ADCP data are shown in Fig. 3.4.3 for 
nearly five complete tidal cycles. The tidal flow was asymmetric with higher 
velocities during a short flood period compared to the longer ebb. The depth 
averaged velocity of the flood current reached over 1.5 m/s at peak with a 
pronounced acceleration around 4.17×10-4 m/s2 from a low slack water and then 
gradually decreased to a high slack water. Depth averaged velocity of the ebb 
current only reached 0.9 m/s at peak and the peak currents remained almost 
constant for about 4 hours in terms of the two ebb periods on February 25. During 
the two following ebb periods on February 26, the peak current was reduced to 
0.75 m/s and the second ebb currents occurring in the period from 14:00 to 21:00 
decreased more gently with remarkable oscillations towards the low slack water. 
The duration of high slack water is much longer (more than 5 hours from the flood 
peak current to the high ebb current) than the low slack water (less than 2 hours 
from the high ebb current to the flood peak current). 
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Figure 3.4.3  Pseudocolor plot of time averaged longitudinal velocity u  over the 
measurable range and depth averaged velocity from the 1200 kHz 
ADCP (The numbers in circle are given to denote the ebbs and 
floods in sequence). 
3.4.5.1.2 Acoustic backscatter 
The evolution of acoustic backscatter profiles in time is shown in Fig. 3.4.4 for the 
300 kHz and 600 kHz ADCPs. Absolute values differ, but the variation of patterns 
has great similarity in the two ADCP signals. During ebb currents strong 
backscatter intensity takes place in almost whole water column, whereas during 
flood current the strong backscatter intensity takes place only in the upper part of 
water column and decays quite fast downwards to the lower part. 
Both ADCPs indicate a distinct peak in acoustic backscatter below a level of 
about -5 m almost throughout the whole measuring period. The elevation of this 
peak changes significantly during each tidal cycle and even more for the fourth 
one. During the periods of high ebb flow velocities, the backscatter peak appears 
at nearly constant elevation of around -8 m except for the fourth ebb period during 
which the backscatter peak appears at around -7 m. In the fourth flood period 
backscatter peak has been elevated to reach the highest point at the elevation of 
around -6 m after the flood current decay. During the long high water slack phase 
the position of the backscatter peak drops with a constant rate of about 0.2 m/h 
(0.056 mm/s).  
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Figure 3.4.4  Pseudocolor plots with regard to backscatter intensity sv  from the 
two ADCPs and the tidal elevation (thick grey line) from the tidal 
gauge at Leerort. 
Upper panel: backscatter from the 600 kHz ADCP (the information 
before 19:21 on the 25th was missing, which can be also seen in 
Fig. 3.4.5). 
Lower panel: backscatter from the 300 kHz ADCP. 
The characteristics of the acoustic backscatter over time are further described by 
its gradient as shown in Fig. 3.4.5. It shall be noted that only the (negative) 
gradient down to the level of maximum backscatter intensity is shown for a better 
visualisation of patterns. The two ADCPs show a similar variation pattern with 
respect to the backscatter gradient. Absolute values are different, but the above 
description of the time variation in the ebb- and flood periods is similar. The 
position of the peak in backscatter gradient changes over time with a typical 
pattern in the first three tidal cycles: After the ebb current reaches its maximum 
value, the elevation remains at about -8 m throughout the whole ebb current. After 
low water slack the elevation of the backscatter gradient peak increases by about 1 
meter (to about -7m), with a concurrent decrease in intensity. After the flood peak 
and a decay of the mean current velocity below about 0.6 m/s the highest 
elevation was observed. During high water slack the peak in backscatter gradient 
is lowered at an approximate rate of 0.2 m/h with a pronounced increase in 
intensity. With the increase in ebb current velocities the signal decays and drops at 
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a higher rate to the -8 m level. This pattern is different in the last two tidal cycles, 
where highest elevation of the signal peak reaches the nearly -5 m level with the 
decaying flood current. Subsequently its elevation is reduced (about 2 m in the 
following 10 hours). During high water slack the signal gains intensity until it 
decays throughout the ebb period. This pattern is repeated at the very last 
observed tidal cycle. 
 
Figure 3.4.5  Pseudocolor plots with regard to backscatter gradient SVgrd from the 
two ADCPs and the tidal elevation (thick grey line) from the tidal 
gauge at Leerort.  
Upper panel: backscatter gradient from the 600 kHz ADCP (As 
same as upper panel of Fig. 3.4.5, the information before 19:21 on 
the 25th was missing).  
Lower panel: backscatter gradient from the 300 kHz ADCP. 
3.4.5.2 Suspended sediment concentration (SSC) 
OBS profiling was only carried out for a period from 06:20 to 19:04 on February 
26. The evolution of the distribution of suspended sediment concentration (SSC) 
is visualised by temporal interpolation of the calibrated optical backscatter profiles 
which were taken at discrete sampling points spaced by around 1 meter. Each 
profile was completed within 10-15 minutes, which was depending on the 
temporal tidal elevation (Fig. 3.4.6 a1).  
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Figure 3.4.6  Pseudocolor plots with regard to suspended sediment concentration 
(SSC) c , backscatter intensity sv  and longitudinal velocity u  and 
their gradients Cgrd, SVgrd, and Ugrd for a period from 06:20 to 19:04 
on February 26.  
a1: SSC by OBS, 
a2; SSC gradient derived from a1;  
b1: backscatter intensity from the 300 kHz ADCP, 
b2: backscatter gradient derived from b1;  
c1: backscatter intensity from the 600 kHz ADCP,  
c2: backscatter gradient derived from c1;  
d1: longitudinal velocity sampled by the 1200 kHz ADCP;  
d2: velocity gradient derived from d1. 
During the initial time of the ebb phase (06:20 to 09:00) a low SSC (less than 1 
g/l) was observed in the water column. After the short low slack water around 
09:00, the SSC showed a slight increase (over than 1 g/l) in the entire water 
column The increase was even visually found near the water surface at the peak 
flood current around 10:30 and concurrently the SSC reached over 10 g/l at the 
bottom. Subsequently around 11:30 a thick (3 m) layer of high SSC (> 30 g/l) at 
the bottom appeared. During the period of high slack water from about 13:00 to 
15:00 this layer occupied a large part of the entire water column from the bottom 
upwards to the elevation around -5.5 m and the SSC at the bottom even exceeds 
35 g/l. After the high slack water the height of the described layer decreases to the 
elevation of around -6.5 m while the SSC at the bottom increases to 40 g/l. The 
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position and intensity of the peak in SSC gradient (Fig. 3.4.6 a2) is reflected by 
the distinct signals occurring respectively in backscatter intensity for the 300 and 
600 kHz ADCPs (Fig. 3.4.6 b1 and c1) as well as the peak backscatter gradients in 
Fig. 3.4.6 b2 and c2.  
3.4.6 Discussion
The Ems environment is well known for its featuring pronounced layers of fluid 
mud. However, relevant field and modelling studies for the fluid mud in the 
estuary are very few (Habermann and Wurpts, 2008; Trevethan et al., 2009; 
Wurpts and Torn, 2005). Our observations were made after a flushing of the 
system, probably an effect of enhanced ebb currents by an abrupt opening of the 
barrier some days before the measurements. The data presented above indicates 
the oscillatory movement of a bed layer of mud suspension into and out of the 
measuring position. Observed quantities (up to 40g/l dry mass concentration) 
suggest a classification of the mud suspension as “highly concentrated mud 
suspension” (Winterwerp, 1999) or “fluid mud” (Whitehouse et al., 2000; 
Winterwerp, 1999). Without the requirement of a quantitative calibration the 
gradient of ADCP acoustic backscatter was found to describe the position and 
some indication of strength of the fluid mud lutocline. Thus a continuous 
monitoring of fluid mud dynamics was achieved for about five tidal cycles. The 
flood currents obviously move the fluid mud body upstream, and the ebb currents 
downstream. In the first three observed tidal cycles the fluid mud is transported 
out of the point of observation by the ebb currents. This is seen in the rather 
continuous reflector at -8 m in the ADCP signals, which is interpreted as the rigid, 
consolidated bed. However, as an effect of the flood dominance, a resulting built-
up can be observed, resulting in a persistent fluid mud layer at the bed in the last 
day of measurements. As shown for the standard 300 and 600 kHz ADCP data it 
can be observed that also some characteristics of the lutocline can be described: In 
times of a decay of hydrodynamic energy, the backscatter gradient intensity is 
enhanced. This is the case especially during the long high water slack time. This is 
interpreted as a formation of a pronounced lutocline (steep gradient in mass 
concentration over the vertical) by the rapid settling of mud flocs and 
subsequently hindered settling effect. Based on the measured data the stability of 
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the lutocline can be quantified by calculation of gradient Richardson numbers (Eq. 
3.4.1). 
 
Figure 3.4.7  Upper panel: the SSC gradient measured by OBS, the SSC gradient 
derived from the backscatter gradient from the 300 kHz ADCP by 
the linear fitted function found in the regression analysis in Fig. 
3.4.8, and the velocity gradient from the 1200 kHz ADCP.  
Middle panel: the gradient Richardson number Ri calculated based 
on the directly measured SSC gradient by OBS and velocity 
gradient as shown as the upper panel, and the calibrated gradient 
Richardson number Ricbs calculated based on the derived SSC 
gradient and directly measured velocity gradient as shown as the 
upper panel.  
Lower panel: the depth averaged velocity measured by the 
1200 kHz ADCP and tidal elevation. 
3.4.6.1 Gradient Richardson number Ri at the lutocline 
To quantify the stability of the interface between low and high SSC as seen in the 
gradient of OBS data, gradient Richardson numbers were calculated using the 
observed velocity gradients (1200 kHz ADCP) and OBS SSC gradients (Fig. 
3.4.7). The Ri on ADCP derived velocities and SSC (by calibrated OBS) is shown 
for about 8 hours. The lutocline stability changes throughout the formation of a 
lutocline after decelerating flood currents, reaching a maximum (Ri) at high water 
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slack. Subsequently Ri decreases to a full break down of the lutocline (Ri < 0.25) 
with increasing ebb currents. 
3.4.6.2 Calibrated gradient Richardson number Ricbs at the lutocline 
To allow for longer time series on lutocline stability the use of acoustic 
backscatter gradient of two ADCPs is tested. Without the need to calibrate from 
absolute values in terms of SSC, the gradient of backscatter intensity is directly 
calibrated to derive SSC gradient in the formulation of Ri (Eq. 3.4.1). The 
observed similarity in SSC gradient (Cgrd) and ADCP backscatter gradient (SVgrd) 
can be quantified by a linear regression of a normalised backscatter gradient  
 SV max SVgrd grd  derived from the 300 (600) kHz ADCP and the SSC 
gradient  C max Cgrd grd . This results in coefficients of determination (R2) of 
0.83 (0.77) as shown in Fig. 3.4.8. The derived linear functions can be used to 
calibrate the acoustic signals forming a calibrated backscatter gradient cbsSVgrd  to 
represent the SSC gradient in Ri (Eq. 3.4.1): 
     cbsSV max C SV Vmax Sgrd grd grd grdF  !  (3.4.6) 
in which F represents the linear fit function shown in Fig. 3.4.8. 
Based on the measured velocity gradient from the 1200 kHz ADCP and 
backscatter gradient from the 300 kHz ADCP, a calibrated gradient Richardson 
number Ricbs was calculated at the position of the maximum backscatter gradient 
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Figure 3.4.8  The linear fitted regression for two dimensionless variables 
 C max Cgrd grd  and  SV max SVgrd grd  based on the 
correlation between backscatter and SSC gradients.  
Upper panel: The linear fit function gives a squared correlation 
coefficient equal to 0.77 for the regression based on the 
backscatter gradient from the 600 kHz ADCP. 
Lower panel: The linear fit function gives a squared correlation 
coefficient equal to 0.83 for the regression based on the 
backscatter gradient from the 300 kHz ADCP.  
The dynamics of this lutocline as observed in 5 tidal cycles in the Ems estuary 
then can be quantified in terms of Ricbs (Fig. 3.4.9). In times when no fluid mud 
was existing at the measuring position (ebb phases of first 3 tidal cycles), and at 
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times of very low current velocities (very small velocity gradient) no significant 
Ricbs can be shown.   
 
Figure 3.4.9  Upper panel: the gradient Richardson number calculated for the 
whole measuring period based on the SSC gradient derived from 
the linear fit function (300 kHz ADCP) in Fig. 3.4.8 and directly 
measured velocity gradient by the 1200 kHz ADCP. The solid 
circles in the upper panel are the points used for getting the linear 
fit function between the backscatter and SSC gradients in Fig. 
3.4.8. 
Lower panel: Pseudocolor plot with regard to backscatter gradient 
from the 300 kHz ADCP and the tidal elevation, which is as same 
as the lower panel in Fig. 3.4.5 and used to concurrently see the 
evolution of lutocline and exposure of consolidated bed during ebb 
currents. 
A significant amount of mud (height O(~1 m)) is transported upstream into the 
point of observation with the high energetic flood currents. The suspended 
material then settles towards slack water. Ricbs shows a stabilisation (Ricbs > 0.25) 
and the formation of a distinct lutocline which is existent for several hours over 
high water slack. The rising ebb currents then break down the stratification, and 
remove the fluid mud layer down to a depth which is considered as being the 
consolidated bed. In the subsequent tidal cycles the lutocline appears higher 
(O(decimetres)) at each high water and the ebb currents need longer (2, 2.5, 3h 
after slack water) to erode and move it out the observation point. Finally at the last 
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two observed tidal cycles, not the entire fluid mud layer is eroded during ebb 
current and a consistent layer, known from other studies at this location is formed. 
In this period even at the very short low water slack a stable lutocline (Ricbs > 0.6) 
was observed. 
 
Figure 3.4.10  The linear fitted regression for two variables backscatter gradient 
Richardson number Ribs and gradient Richardson number Ri. 
Left panel: The linear fit function gives a squared correlation 
coefficient equal to 0.99 for the regression based on the 
backscatter gradient from the 300 kHz ADCP. 
Right panel: The linear fit function gives a squared correlation 
coefficient equal to 0.98 for the regression based on the 
backscatter gradient from the 600 kHz ADCP. 
3.4.6.3 Calculation of backscatter gradient Richardson number Ribs
A further analysis of the derived quantities has shown that also an uncalibrated 
backscatter gradient (after correction for beam spreading and sound absorption in 
water) can be used to assess the lutocline stability.  
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As shown in Fig. 3.4.10 for the 600 and 300 kHz ADCP reasonable agreement of 
calculated backscatter Richardson number Ribs (Eq. 3.4.8) and the common 
gradient Richardson number Ri (Eq. 3.4.1) in which the SSC gradient (Cgrd) 
directly derived from the OBS is used was found.  
3.4.7 Conclusions
The re-formation and dynamics of a mobile fluid mud layer as observed in 5 tidal 
cycles in the Ems estuary in Germany were described and quantified based on 
measurements by standard commercial Acoustic Doppler Current profilers.  
A significant amount of mud (height O(~1 m)) was transported upstream into the 
point of observation with the high energetic flood currents. The suspended 
material then settles towards slack water, thereby reducing the detected top layer. 
Gradient Richardson numbers show a stabilisation and the formation of a lutocline 
which is existent for several hours over high water slack. The rising ebb currents 
then break down the stratification, and remove the fluid mud layer down to a 
depth which is considered as being the consolidated bed. In the subsequent tidal 
cycles the lutocline appears higher (O(decimetres)) at each high water and the ebb 
currents need longer (2, 2.5, 3h after slack water) to erode and move it out the 
observation point. Finally at the last observed tidal cycle, not all of the fluid mud 
layer is eroded during ebb current and a consistent layer, known from other 
studies at this location is formed. In this period even at the very short low water 
slack a stable lutocline (Ricbs > 0.6) was observed.   
This study showed the applicability of standard commercial ADCPs (1200, 600 
and 300 kHz) for the measurement of mobile fluid mud lutocline stability, without 
the need for the calibration of acoustic backscatter. 
Chapter 3 - Paper 3   
90 
3.4.8 Acknowledgements 
This study was funded through DFG-Research Center / Excellence Cluster “The 
Ocean in the Earth System”. We thank C. Maushake (Federal Waterways 
Engineering and Research Institute, Hamburg, Germany) for technical support, M. 
Trevethan (MARUM) for organising the field survey, A. Wurpts (Franzius 
Institute, Hanover, Germany) for assisting in the field measurements, the Federal 
Water and Shipping Administration Emden for tidal gauge information, and the 
captain and crew of FK Senckenberg. 
3.4.9 References 
Alkan, U., Elliott, D.J., Evison, L.M., 1995. Survival of enteric bacteria in relation 
to simulated solar radiation and other environmental factors in marine waters. 
Water Research 29, 2071-2080. 
Colijn, F., 1982. Light absorption in the waters of the Ems-Dollard Estuary and its 
consequences for the growth of phytoplankton and microphytobenthos. 
Netherlands Journal of Sea Research 15, 196-216. 
de Jonge, V.N., 1992. Tidal flow and residual flow in the Ems estuary. Estuarine, 
Coastal and Shelf Science 34, 1-22. 
Defant, A., 1961. Physical Oceanography. Pergamon, New York. 
Deines, K.L., 1999. Backscatter estimation using broadband acoustic Doppler 
current profilers, Proceedings of the IEEE Sixth Working Conference on 
Current Measurements, pp. 249-253. 
Dronkers, J., 1986. Tide-induced residual transport of fine sediment, in: van de 
Kreeke, J. (Ed.), Physics of Shallow Estuaries and Bays. Springer, Berlin, pp. 
228-244. 
Dyer, K.R., Christie, M.C., Manning, A.J., 2004. The effects of suspended 
sediment on turbulence within an estuarine turbidity maximum. Estuarine 
Coastal and Shelf Science 59, 237-248. 
Gartner, J.W., 2004. Estimating suspended solids concentrations from backscatter 
intensity measured by acoustic Doppler current profiler in San Francisco Bay, 
California. Marine Geology 211, 169-187. 
Gibbs, R.J., Tshudy, D.M., Konwar, L., Martin, J.M., 1989. Coagulation and 
transport of sediments in the Gironde Estuary. Sedimentology 36, 987-999. 
Gray, J.R., Gartner, J.W., 2009. Technological advances in suspended-sediment 
surrogate monitoring. Water Resource Research 45, W00D29. 
Guan, W.B., Kot, S.C., Wolanski, E., 2005. 3-D fluid-mud dynamics in the 
Jiaojiang Estuary, China. Estuarine Coastal and Shelf Science 65, 747-762. 
Habermann, C., Wurpts, A., 2008. Occurrence, behaviour and physical properties 
of fluid mud, in: Zanke, U., Roland, A., Saenger, N., Wiesemann, J.-U., 
Dahlem, G. (Eds.), Proceedings of the Chinese-German Joint Symposium on 
Hydraulic and Ocean Engineering. Institute of Hydraulic and Water Resource 
Engineering, Technische Universität Darmstadt, Darmstadt, Germany. 
Chapter 3 - Paper 3   
91 
Herrling, G., Niemeyer, H.D., 2008. Set-up of a morphodynamic model for the 
Ems-Dollard estuary, Report of the European Project HARBASINS. 
Hosseini, S.A., Shamsai, A., Ataie-Ashtiani, B., 2006. Synchronous 
measurements of the velocity and concentration in low density turbidity 
currents using an Acoustic Doppler Velocimeter. Flow Measurement and 
Instrumentation 17, 59-68. 
Hsu, T.-J., Ozdemir, C.E., Traykovski, P.A., 2009. High-resolution numerical 
modeling of wave-supported gravity-driven mudflows. Journal of Geophysical 
Research 114, C05014. 
Hsu, T.-J., Traykovski, P.A., Kineke, G.C., 2007. On modeling boundary layer 
and gravity-driven fluid mud transport. Journal of Geophysical Research 112, 
C04011. 
Joint, I.R., Pomroy, A.J., 1981. Primary production in a turbid estuary. Estuarine 
Coastal and Shelf Science 13, 303-316. 
Kim, Y.H., Voulgaris, G., 2003. Estimation of suspended sediment concentration 
in estuarine environments using acoustic backscatter from an ADCP, Coastal 
Sediments '03. CD-ROM published by World Scientific Corporation and East 
Meat West Production, Clearwater Beach, Florida. 
Kineke, G.C., Sternberg, R.W., Trowbridge, J.H., Geyer, W.R., 1996. Fluid-mud 
processes on the Amazon continental shelf. Continental Shelf Research 16, 
667-696. 
Kirby, R., Parker, W.R., 1977. The physical characteristics and environmental 
significance fine sediment suspensions in estuaries, in: Officer, C.B. (Ed.), 
Estuaries, Geophysics and the Environment. National Academy of Sciences, 
Washington, D.C., pp. 110-120. 
Kirby, R., Parker, W.R., 1983. Distribution and behaviour of fine sediment in the 
Severn Estuary and inner Bristol Channel, U.K. Canadian Journal of Fisheries 
and Aquatic Sciences 40, 83-95. 
Kranck, K., 1986. Settling behaviour of cohesive sediment, in: Mehta, A.J. (Ed.), 
Estuarine Cohesive Sediment Dynamics. Springer, Berlin, pp. 151-169. 
Le Hir, P., Bassoulet, P., Jestin, H., 2001. Application of the continuous modeling 
concept to simulate high-concentration suspended sediment in a macro-tidal 
estuary, in: McAnally, W.H., Metha, A.J. (Eds.), Coastal and Estuarine Fine 
Sediment Processes. Elsevier, B.V. 
Malone, T.C., 1976. Phytoplankton productivity in the apex of the New York 
Bight: Environmental regulation of productivity/chlorophyll a, in: Gross, M.G. 
(Ed.), The middle Atlantic Shelf and New York Bight. Limnology and 
Oceanography Special Symposium 2, pp. 260-272. 
Merckelbach, L.M., Ridderinkhof, H., 2006. Estimating suspended sediment 
concentration using backscatterance from an acoustic Doppler profiling current 
meter at a site with strong tidal currents. Ocean Dynamics 56, 153-168. 
Nguyen, K.D., Guillou, S., Chauchat, J., Barbry, N., 2009. A two-phase numerical 
model for suspended-sediment transport in estuaries. Advances in Water 
Resources 32, 1187-1196. 
Nichols, M.M., Biggs, R.B., 1985. Estuaries, in: Davis, R.A. (Ed.), Coastal 
Sedimentary Environments. Springer-Verlag, New York, pp. 77-186. 
Nichols, M.M., Poor, G., 1967. Sediment transport in a coastal plain estuary. 
Journal of the Waterways and Harbors Division 93, 83-95. 
Chapter 3 - Paper 3   
92 
Pennock, J.R., Sharp, J.H., 1986. Phytoplankton production in the Delaware 
Estuary: Temporal and spatial variability. Marine Ecology Progress Series 34, 
143-155. 
Pommepuy, M., Guillaud, J.F., Dupray, E., Derrien, A., Le Guyader, F., Cormier, 
M., 1992. Enteric bacteria survival factors. Water Science and Technology 25, 
93-103. 
Rozen, Y., Belkin, S., 2001. Survival of enteric bacteria in seawater. FEMS 
Microbiology Reviews 25, 513-529. 
Sanford, L.E., Suttles, S.E., Halka, J.P., 2001. Reconsidering the physics of the 
Chesapeake Bay estuarine turbidity maximum. Estuaries 24, 655-669. 
Schoellhamer, D.H., 2001. Influence of salinity, bottom topography, and tides on 
locations of estuarine turbidity maxima in northern San Francisco Bay, in: 
McAnally, W.H., Mehta, A.J. (Eds.), Coastal and Estuarine Fine Sediment 
Transport Processes. Elsevier, B.V., pp. 343-357. 
Schubel, J.R., Carter, H.H., 1984. The estuary as a filter for fine-grained 
suspended sediment, in: Kennedy, V.S. (Ed.), The Estuary as a Filter. 
Academic Press, Orlando, pp. 81-107. 
Sheng, Y.P., Villaret, C., 1989. Modelling the effect of suspended sediment 
stratification on bottom exchange processes. Journal of Geophysical Research 
94, 14429-14444. 
Talke, S.A., de Swart, H.E., Schuttelaars, H.M., 2009. Feedback between residual 
circulations and sediment distribution in highly turbid estuaries: An analytical 
model. Continental Shelf Research 15, 119-135. 
Tennekes, H., Lumley, J.L., 1972. A First Course in Turbulence. MIT Press, 
Cambridge, MA. 
Thorne, P.D., Hanes, D.M., 2002. A review of acoustic measurement of small-
scale sediment processes. Continental Shelf Research 22, 603-632. 
Thorne, P.D., Hardcastle, P.J., Soulsby, R.L., 1993. Analysis of acoustic 
measurements of suspended sediments. Journal of Geophysical Research 98 No. 
C1, 899-910. 
Topping, D.J., Melis, T.S., Rubin, D.M., Wright, S.A., 2004. High-resolution 
monitoring of suspended-sediment concentration and grain size in the Colorado 
River in Grand Canyon using a laser-acoustic system, in: Hu, C., Tan, Y. (Eds.), 
Proceedings of the Ninth International Symposium on River Sedimentation. 
Tsinghua University Press, Yichang, China, pp. 2507-2514. 
Trevethan, M., Wurpts, A., Becker, M., 2009. High frequency measurements 
about the water fluid mud boundary in the estuarine zone of the Ems River, 
Germany, Proceedings of 33rd Biennial IAHR Congress, Vancouver, Canada, 
pp. 4167-4174. 
U.S. Naval Oceanographic Office, 1966. Glossary of Oceanographic Terms, 
Washington, D.C. 
Uncles, R.J., Stephens, J.A., Harris, C., 2006a. Properties of suspended sediment 
in the estuarine turbidity maximum of the highly turbid Humber Estuary 
system, UK. Ocean Dynamics 56, 235-247. 
Uncles, R.J., Stephens, J.A., Law, D.J., 2006b. Turbidity maximum in the 
macrotidal, highly turbid Humber Estuary, UK: Flocs, fluid mud, stationary 
suspensions and tidal bores. Estuarine Coastal and Shelf Science 67, 30-52. 
van de Kreeke, J., Day, C.M., Mulder, H.P.J., 1997. Tidal variations in suspended 
sediment concentration in the Ems estuary: origin and resulting sediment flux. 
Journal of Sea Research 38, 1-16. 
Chapter 3 - Paper 3   
93 
van der Ham, R., Fontijn, H.L., Kranenburg, C., Winterwerp, J.C., 2001. 
Turbulent exchange of fine sediments in a tidal channel in the Ems/Dollard 
estuary. Part I: Turbulence measurements. Continental Shelf Research 21, 
1605-1628. 
Vincent, C., Macdonald, I., 2010. The Backscatter of Sound from Flocculated 
Sediment, Proceedings of the 15th Physics of Estuaries and Coastal Seas 
(PECS) conference, Colombo, Sri Lanka, pp. 253-256. 
Vincent, C.E., Hanes, D.M., Bowen, A.J., 1991. Acoustic measurements of 
suspended sand on the shoreface and the control of concentration by bed 
roughness. Marine Geology 96, 1-18. 
Watanabe, R., Kusuda, T., Yamanishi, H., Yamasaki, K., 2001. Modeling of fluid 
mud flow on an inclined bed, in: McAnally, W.H., Mehta, A.J. (Eds.), Coastal 
and Estuarine Fine Sediment Processes. Elsevier, B.V. 
West, J.R., Oduyemi, K.O.K., 1989. Turbulence measurements of suspended 
solids concentrations in estuaries. Journal of Hydraulic Engineering 115, 457-
474. 
Whitehouse, R.J.S., Soulsby, R.L., Roberts, W., Mitchener, H.J., 2000. Dynamics 
of estuarine muds. Thomas Telford, London. 
Winterwerp, J.C., 1999. On the dynamics of high-concentrated mud suspensions, 
Faculty of Civil Engineering and Geosciences. Ph.D. thesis, Delft University of 
Technology, Delft, The Netherlands. 
Winterwerp, J.C., 2002. On the flocculation and settling velocity of estuarine mud. 
Continental Shelf Research 22, 1339-1360. 
Winterwerp, J.C., van Kestern, W.G.M., 2004. Introduction to the Physics of 
Cohesive Sediments in the Marine Environment. Elsevier, Amsterdam. 
Wolanski, E., Chappell, J.P., Ridd, P., Vertessy, R., 1988. Fluidization of mud in 
estuaries. Journal of Geophysical Research 93, 1535-1545. 
Wurpts, R., Torn, P., 2005. 15 years experience with fluid mud: definition of the 











Chapter 4 Conclusions and Synthesis   
94 
Chapter 4 Conclusions and Synthesis 
The schematised numerical model could be calibrated to be able to simulate the 
entrainment of fluid mud layer from the dune troughs at peak tidal currents and 
reformation at slack waters, which were observed in early field surveys. The 
sensitivity analysis of the model showed that the occurrence of fluid mud is 
strongly dependent on the local current velocity, mud concentration and sediment 
particulate settling velocity. Even though the local current velocity changes only 
0.1 m/s, the amount of fluid mud in the dune trough exhibits totally different 
trends. The preliminary modelling results indicate the relative importance of ebb-
dominated geometry of dunes and vertical processes including entrainment, 
deposition and turbulence-induced mixing respectively for the thickness of fluid 
mud layer in dune troughs and suspended sediment concentration (SSC). These 
results also highlight the effects of local forces and different properties such as 
mud concentration and sediment particulate settling velocity on the fluid mud 
dynamics in dune troughs.  
Further development of the numerical fluid mud model cannot be independent of 
field measurements. In the first field measurement carried out in September of 
2008, the standard commercial Acoustic Doppler Current Profiler (ADCP) offered 
a new method to express examine fluid mud lutocline dynamics with high 
temporal and spatial resolution in the turbid Ems estuary. Compared to the 
electromagnetic current meter (ECM), the 1200 kHz ADCP still exhibited a good 
reliability in the sampled velocity data down to the lutocline below which the 
velocity profiles approach zero. The position and strength of lutocline could be 
identified by peak acoustic backscatter gradient (PABG) from the ADCPs without 
an extended calibration of the acoustic backscatter to SSC being necessary, which 
was confirmed by SSC profiles derived from the calibrated optical backscatter 
sensor (OBS). The position and strength of the lutocline under the tidal forcing 
was pictured using the current velocity and backscatter information which were 
simultaneously sampled by the ADCPs.  
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The strength of fluid mud lutocline was further quantified by calibrating the 
PABG to SSC gradient based on the dataset collected in the second field 
measurement campaign undertaken in February of 2009. A good correlation 
between the PABGs and SSC gradients was found by two linear fit functions 
respectively for the 300 and 600 kHz ADCPs. The gradient Richardson number 
calculated based on the calibrated PABGs and the velocity gradients measured by 
the 1200 kHz ADCP showed a stabilisation and formation of a lutocline which is 
existent for several hours over high slack water. In addition, this study suggested 
the applicability of backscatter gradient Richardson number for the measurement 
of mobile fluid mud lutocline stability, without the need for the calibration of 
acoustic backscatter. 
Nevertheless, these two field measurement campaigns were conducted under very 
different backgrounds. The first measurement campaign was performed in a stable 
estuarine turbidity maximum zone (ETMZ). At the measuring station, a fluid mud 
layer over 2 meters thick could be found. Even though strong upper flows 
entrained the surface fluid mud layer, the lower part of the fluid mud layer was 
still able to resist the imposed shear stresses and kept stationary, covering the 
consolidated bed. The second measurement campaign was conducted in an 
oscillatory ETMZ which was gradually recovering to upper estuary after an 
intensive engineering flow. A highly concentrated benthic suspension (HCBS) 
layer was transported upstream into the measuring station with energetic flood 
currents. Before a fluid mud layer capable of resisting shear stresses imposed by a 
strong upper tidal flow could be formed during ebb periods, in which the HCBS 
layer was removed from the measuring station, the consolidated bed could be 
found at an almost constant elevation, indicated by the maximum backscatter 
intensity or PABG.  
These two field measurement campaigns also showed a conformity in terms of the 
hydrodynamics: a strong tidal asymmetry with significant flood dominance (tidal 
current velocity: max maxflood ebbu u ) and much longer high slack water than low slack 
water. Moreover, the strength of the lutocline was continually increasing during 
high slack waters at which deceleration of flood currents took place.  Compared to 
the short period for deceleration of the ebb current, the period for deceleration of 
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the flood current was remarkably longer, which is favourable for the continuous 
increase of the strength of the lutocline with effect of hindered settling. Hindered 
settling played a crucial role in the increase in the strength of the lutocline as 
revealed by the field measurements. However, relevant formulations for the 
hindered settling are currently not implemented in the numerical fluid mud model 
presented in this study. In addition, the applied hydrodynamic forcings in the 
model are tidal symmetrical, however, the tidal current is highly asymmetric 
according to the measurement results. Its influence on the fluid mud dynamics is 
of interest to be investigated by the model. More relevant processes like 
flocculation, hindered settling as well as morphological change due to accretion 
by fluid mud are expected to be involved into the model in the future. 
In the stable ETMZ, the lutocline appeared to undergo a cyclical evolution 
governed by several processes like entrainment, hindered settling and dewatering 
under the tidal forcing. In the oscillatory ETMZ being recovering, the lutocline 
occurred repeatedly with the HCBS re-entering the upper estuary at flood currents 
and disappeared with entrainment of HCBS by ebb currents. After repeated 
upstream intrusions of HCBS during flood currents, the snapshot of reformation of 
the fluid mud layer captured by the ADCP reemphasize the strong correlation 
between ETMZ and fluid mud as well as the dependence of position of ETMZ on 
location of fluid mud. Without salinity induced stratification, the strong tidal 
asymmetry can be fairly deduced to play a very important role in the formation of 
ETMZ in light of the recoverable ETMZ. The dataset collected in the 
measurement campaigns definitely provides strong support for the validation of 
models in future research. 
 
 
 
